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PREFATORY NOTE 


The publication of the book, “The Upper Atmosphere”, by Prof. S. K. Mitra, a 
major work in contemporary science was an important event in the history of 
publication of the Asiatic Society. Prof Meghnad Saha, the then President of the 
Society strongly recommended its publication when some publishers were reluctant 
to take it up. Consequently the book came out in 1947 and was immediately hailed 
as a pioneering work by the world scientific community. A second edition came out 
in 19.S2. In spite of its demand the book was not reprinted for a long time. 

After the rejuvenation of the Society in 1984, preparations were on to reprint 
the volume before 1989, the birth centenary year of Prof. S. K. Mitra. However, this 
was not materialized. When the present CDuncil took charge in March, 1992 it gave 
top priority to the project and is extremely happy to bring out this volume which, 
we believe, will be an asset both to the students as well as to the researchers. The 
subject of upper atmosphere has undergone a sea change in the last forty years. This 
has been explained in the foreword by Prof. A P. Mitra, frs, who is also a former 
pupil of Prof. S. K. Mitra. 

20 March, 1992. Dr. Chandan Roy Chaudhuri 

Cakiitta General Secretary 




FOREWORD 


llie beginning of radioscience in India was made some hundred years ago during 
the tgrn of the last century by Sir J. C. Bose through a remarkable series of 
experiments on generation, detection and characterisation of microwaves over 25mm 
to 5mm, long before study of microwaves became fashionable. 

After that there was a lull for over twenty years, until the establishment of Wireless 
Laboratory. Serious work on ionosphere, however, began only around 1930, when 
Professor S. K. Mitra with H. Rakshit, using a medium wave transmitter made 
available by the Calcutta station of the Indian State Broadcasting service, the first 
experimental evidence of the E-region of the ionosphere was obtained in India, 'fhis 
was achieved in 1930 (published in Nature) only a few years after the discovery of 
the ionosphere by Appleton and Barnett (by using a loop and a vertical aerial receiving 
the direct and sl^ wave in 1925) and the pulse experiment of Brcit and Tuve (1926, 
the forerunner of the ionosonde, later to be extensively used for routine monitoring 
of the ionosphere). A series of papers came in quick succession relating to the 
behaviour of ionospheric layers over Calcutta. It was remarkable that the quality of 
ionospheric mapping achieved at that time with such simple equipments was so 
excellent. 

This was an exciting period for ionospheric science in India. The timing was also 
right. TTie Second Polar Year Programme (IPY2) was being organized, and a study 
of the ionosphere was being included for the first time. Mitra decided to formally 
participate in this programme: this was India’s first entry into organized international 
science. Along with experimental observations of the ionospheric layers, questions 
were being asked about the origin of these layers. That the primary agency is solar 
radiation was accepted — the mechanism for a layer structure with a specific maximum 
was also understood following the work of Chapman (1931), as the combined effect 
of decreasing density and of the increasing intervals of radiation with height. 
Chapman’s theory was based on a single ionizable constituent and a monochromatic 
radiation. The question was the nature of the constituent (or constituents) and the 
wavelengths of the radiations. There was also no clear ideas about the relative 
contributions (if any) of energetic particles from the sun and the electromagnetic 
radiations. There was certainly evidences of ionization produced by solar particles in 
the higher magnetic latitudes as one would expect for charged particles under influence 
of the terrestrial magnetic field, but at low latitudes the effects were yet to be 
adequately assessed. There was other ionizing sources: cosmic rays, meteors, 
thunderstorms that needed to be examined. An excellent opportunity soon came that 
allowed a distinction between ionization produced by solar electromagnetic radiation 
and solar corpuscles. This was the occurrence of the annular solar eclipse visible in 
Calcutta on August 21, 1933. 

Another unusual experiment (for that time) was a conscious effort to look for 
ionization caused meteor showers. Earlier efforts by Schafer and Goodall looking 
for changes in the E-region equivalent height due to Leonid meteor shower of 1931 
were unfortunately marred by the occurrence of a magnetic storm. Mitra and his 
colleagues decided to use the opportunity of Leonid meteor shower of 1933 and, 
instead of looking for changes in equivalent height, decided to measure directly 
changes in ionization through changes in critical frequency. 

Scientists were already looking for existence of additional layers in the Ionosphere. 
There was indirect evidence of a layer below the E-layer at levels where collisions 
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between electrons and ions and gaseous molecules arc frequent and so absorption 
of medium wave radio waves is large. Increase of atmospherics and of medium wave 
signal strength have been noted. Mitra and Shyam announced in 1935 the detection 
of regular echoes from low heights (55 km) ; later even echoes as low as 20 km 
(20-30 km range) were reported. The former were attributed to D-region, and the 
very low level reflections were believed to come from a hitherto unsuspected layer, 
that Mitra called “C-layer”. 

Reflections from heights around and above 55 km were later to be observed 
extensively with HF transmissions, particularly in Australia, USA and Canada, and 
the technique came to be known in later years as Partial Reflection Technique. The 
very low level reflections that Mitra and his colleagues detected from heights of 20-30 
km and also reported soon after by Coldwell and Friend in the USA and Watson- Watt, 
Bainbridge-Bell, Wilkins and Bowell in U. K. were, however, not taken seriously for 
a long time until the concept of using HF atmospheric radars came up in the sixties. 
In that sense these early pioneering works can be treated as the forerunner of HF 
radars. 

We have to understand all this background to realise why Mitra decided in 1935 
to write a detailed status report on the Ionosphere and the emerging new mode of 
radio communication through the Ionosphere. Following a symposium organized by 
the National Institute of Sciences which he opened, Mitra prepared a comprehensive 
report on the state of knowledge of the Ionosphere available at that time. This was 
published in the Proceedings of the National Institute of Sciences. The wider concept 
of the upper atmosphere (the neutral atmosphere, motions, airglow, chemistry) was 
missing in the report. 

“ITie Upper Atmosphere”, first published by the Asiatic Society, in 1947 and in 
revised form in 1952 was a major international event. Professor J. N. Bhar, in the 
biographical memoir of S. K. Mitra, pointed out some of the intriguing features of 
the publication of this book. It was his intention to have the book published by a 
foreign publisher, and he wrote to two or three firms, but the replies were disappointing 
and in some ways curious. To quote from the reply from one of the publishers : 

“From previous experience of books of this nature we feel very doubtful whether 
it would have a large enough sale to cover the expense of publication : in fact we 
anticipate that it would involve us in a considerable financial loss. A further 
consideration is that even in the small field covered by your book it would have to 
compete with Chapman and Bartels’ Geomagnetism and works Sir Napier Shaw”. 
And yet when the book was published by the Asiatic Society, 2000 copies were sold 
out within three years, the second revised edition published in 1952 went out of print 
in a few years, and generations of students in radio communication, in ionospheric 
and upper atmospheric physics, in geomagnetism, in space science have been using 
this book as a major reference document. 

We came to Professor Mitra’s laboratory when the second edition was under 
preparation. As postgraduate students our first duties were to take turns in running 
the ionospheric recorder which was then under the overall control of Dr. S. S. Baral. 
There were several Ph.D. students : M. K. Dasgupta, R.B. Banerjee, A K. Saha, 
Miss Mrinmayi Ghosh and myself. The work of revision of the different chapters of 
the first edition and of assistance in the new chapters or sections, such as those on 
escape of gases from terrestrial atmosphere, atmospheric tides, rocket exploration of 
the upper atmosphere, were considered as excellent training for research. 

“The Upper Atmosphere” was in many ways different from 1935 report, although 
partially based on it. The most important difference was that it considered for the 
first time the atmospheric environment as a whole, neutral and ionized, its thermal 
structure and distribution of constituents, its motions, the interaaion of the solar 
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radiation and particle stream with these gaseous constituents, and the mechanism of 
airglow. The Ionosphere was treated as only a part of this vast panorama that 
interlinked in a myriad ways the sun, the earth and the atmosphere. This was then 
an entirely new concept. Secondly, deviating from the then existing practice of studying 
the Ionosphere from the point of view of propagation of radio waves, he viewed the 
exploring radiowave as a remote sensing tool sensing levels which could not be reached 
with balloons and were only beginning to be explored by rockets. The entire chapter 
on temperature in the upper atmosphere (Chapter XI), for example, discussed at 
length the various indirect methods of estimating temperature in the upper 
atmosphere: from considerations of escape of helium, observations of auroral 
streamers at heights of 1000 km, twilight flash of the red oxygen lines traceable upon 
1300 km, from a number of ionospheric parameters such as electron collision 
frequency, scale heights, recombination coefficient; from the width of emission lines 
from the night airglow. From the helium escape he concluded that the 600-800 km, 
the temperature should be of the order of 1000°K; from the observed twilight and 
auroral luminisity effects a temperature of about llOO^K, from collision frequencies 
temperatures around 3000^K at 400 km, from auroral scale heights around 2700^K 
and from electron concentrations around 1500-2500^K. Although such values were 
necessarily gross and the large differences between the different estimates indicated 
that, the main point was the deduction of high temperatures in the upper atmosphere. 
In the section of Concluding Remarks he comes up with models of atmospheric 
density and temperature which have remarkable similarities with contemporary models 
using satellite drag. In his address as President of INSA in 1960, he'brings this point 
up as in the following way: 

‘It may be noted that the result of high density in the highest atmospheric regions 
referred to above is not quite unexpected. It confirms the assumption of a rising 
temperature in these regions as has always been made in constructing atmospheric 
models. In Table IV are given the densities and temperatures at some selected heights 
of such a model constructed some years age on certain assumptions (Milra, 1952). 
These may be compared with the corresponding figures in the model shown in Table 
III prepared recently by A. P. Mitra and S.B. Mathur (1959) from high altitude 
rocket and satellite data. 


Table 111 : A Model upper atmosphere based on height 


Height 

Density 

Pressure 

Temnerature 

(km) 

(gm/cm\ 

6.00x10’^ 

(mm of Hg) 
4.8x10'"* 

(“K)' 

800 

2068 

500 

1.54x10’* 

9.46x10'® 

1.591 

300 

4.97x10’^ 

1.85x10'’ 

1023 

130 

274xl0" 

3.46x10'* 

462 

Table IV : 

Height 

An older Model (S.K. Mitra’s 

Density 

Upper Atmosphere) 

Pressure 

Temperature 

(km) 

(gm/cm^ 

3.67x10*’ 

(mmofHg) 

2.13x10'*® 

(?K) 

800 

3040 

SOO 

7.00x10'“ 

2.2.5x10® 

1840 

300 

2.11x10'“ 

3.83x10'* 

1040 

no 

4.98X 10'*® 

2.70x10'^ 

270 

100 

1.74x10'® 

l.OQxlO'* 

240 
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In both the models there is significant density even at 800 km height’*. 

I should mention at this stage that at the time of launching of Sputnik I in 1957, 
the Russian space scientists found that the only reasonable atmospheric models they 
could use for predicting the lifetimes of satellites were those given in the “Upper 
Atmosphere”. 

Ionospheric chemistry, as we know now, had not yet emerged but even here the 
book made a beginning through detailed discussions of the formation and destruction 
of ozone, of dissociation of N 2 and O 2 and of night airglow. For ozone the descriptions 
were surprisingly detailed; there were also discussions of the heat balance of the 
stratosphere including cooling and heating of the middle atmosphere due to ozone 
absorption « problems that we are still discussing in essentially similar manner. 

The last edition was published exactly four decades age. During this period the 
entire picture of the Sun-Earth system had drastically changed. The upper boundaiy 
of the atmospheric environment has now been pushed to many earth radii i.e. to 
hundreds of thousands of kilometres with different components of these atmospheric 
environment interacting with each other. In this vastly changed (and greatly expanded) 
canvas, much of the information given in this book will be considered out of date, 
and values quoted sometimes substantially different from those accepted now. 
Furthermore, new areas of special interest, such as the effects of human activities 
on global environment (eg. ozone holes, high power radio wave heating, effects of 
spacecraft effluents) do not naturally find any place here. 

Nevertheless four generations of atmospheric scientists have grown with this book 
and have drawn inspiration and often a new insight. Those whose scientific activities 
spanned the decades of the 50$, 60s and 70s have without exception consulted this 
book in some form or other. And remarkably the book has been read by people 
with widely different interests - by telecommunication engineers, by meteorologists, 
by upper atmospheric scientists, global environmental experts, solar terrestrial 
specialists and even those concerned with policy matters. 

It continues to be used as a reference book in advanced courses on atmospheric 
physics in all parts of the world. Many have indeed expressed disappointment that 
copies are no longer available. 

We believe that the book with its vast canvas and clear exposition of the basic 
concepts of interrelationship between the sun and the different components of the 
atmospheric environment will still be of considerable value. This is particularly 
important now in the context of the International Geosphere Biosphere Programme 
and global change activities. 

The question of revising the book substantially to make it more contemporary 
was discussed at various times. There was also a proposal that some of his erstwhile 
students could take up this job of revision. All these would have taken time, and 
would also have diminished the historical value of the book. Considering all these 
aspects, the book is being reprinted without any change. 


Bhatnagar Fellow A. P. MITRA 

NatioiuU Physical Laboratory Former Director General 

Dr. K S. Krishnan Road C.S.I.R, Government of India 

New Delhi 110012 
March 24, 1992 
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The first edition of the book was sold out within an unexpectedly 
short time. As the demand for the book persisted the preparation of a 
second edition was undertaken at the request of the publishers, the Asiatic 
Society, and also .of many readers in different parts of the world. The 
work was begun in March, 1950, and the original plan was to have it 
completed by the beginning of 1951. Unfortunately, various unforeseen 
ciroumstanoes (amongst which my enforced absence from the country for 
some time was one) delayed the publication by nearly a year. 

Since the publication of the first edition results of new upper 
atmospheric researches have been appearing at a very rapid rate. As such, 
additions and revisions much more extensive than originally contemplated, 
had to be made in the preparation of the new edition. The more important 
of these are mentioned below. 

In Chapter I the section dealing with the escape of the atmospheric 
gases has been revised in the light of the recent work on the subject by 
Lyman Spitzer, Jr. 

A non-mathematical treatment of the mechanism of the atmospheric 
tides is given in Chapter II after Weekes and Wilkes. 

In Chapter IIIA, Opik’s theory of meteors is given more prominence 
(after a simplified treatment by Herlofson). The theory of Lindemann 
and Dobson, though it has been subjected to criticism, is retained on 
account of its lasting value. Results of radar study of meteors, as far as 
have been available up to the time of writing, have been included. 

In Chapter IV the results of newer studies on the variations of the 
ozone content with geographic latitude and udth tropospheric conditions 
have been added. 

Chapter V in the first edition dealt only with the dissociation of mole- 
cular oxygen in the upper atmosphere. To this has now been added the 
dissociation of molecular nitrogen. The analysis of the dissociation and 
distribution-in-height of molecular oxygen is as given in the first edition. 
Criticisms of this analysis, as also of the results obtained thereof, have, 
however, been made recently by H. E. Moses and Ta-You Wu [Phys. 
Rev,, 83, 109 (1961)]. Unfortunately, reference to this work could not be 
made as the Chapter in question had already been printed off. In the 
discussion on the dissociation of molecular nitrogen, referehce to a prior 
work of Q. Hertzberg and L. Hertzberg [NcUure, 161, 283 (1948)] on the 
subject has been omitted through inadvertence. But, this is referred to 
in Chapter VIII. 

In Chapter VI the various methods of sounding the ionosphere by 
means of radio waves have been reviewed in greater detail. The theories 
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of the formation of the various ionospheric regions have been revised 
according to current ideas. The limitations of the geometrical optics 
method for studying electromagnetic wave propagation in the ionospheric 
regions are referred to in a separate section. A new section on the esti- 
mation of recombination coefficient and rate of electron production from 
ionospheric data has been added. The section on radio fade-out has been 
extended by inclusion of the phenomenon of ‘ Sudden-Phase- Anomaly ’ 
(S.P.A.). A fuller account is given of the geomagnetic control of the 
-F-layer. A new section on tides (Mart3m’8 theory) and travelling 
disturbances in the ionosphere has been added. The subjects ‘Scattering 
in the Ionosphere* and ‘Luxembourg Effect* are dealt with more fully. 

In Chapter VII the large Sg- and Z- variations at Huancayo, near 
the geomagnetic equator, are specially delineated after Bartels. The 
Huancayo anomaly is also referred to in Chapter XIII, The probable 
current systems for an individual magnetic storm, as computed from 
magnetic o})servatories data, are represented after I^estine. 

The list of lines and bands in the auroral sx)ectrum (Chap. VIII) and 
the theories of their modes of excitation are revised and made up-to-date. 
Evidence of the entry of protons in the upper atmosphere is referred to in 
this connection. 

In Chapter IX the major additions have been accounts of Alfv^n’s 
theory (though it has been subjected to criticisms) and of the extension 
of the Chapman-Ferraro theory by Martyn. The Birkeland-Stdrmer 
theory, notwithstanding the fundamental objections against it, is retained. 
This is because, the analysis of the motion of a charged particle in the 
field of a magnetic dipole, as made by these authors, has many applications, 
irrespective of the correctness of the theory. 

In Chapter X the contemporary Russian work on zodiacal light and 
on gegenschein phenomena are discussed. In the list of the lines and 
bands of the night air-glow spectrum the newly identified OH (Meinel) 
bands have been included. The discussion on the probable modes of 
excitations of the lines and bands is revised. Data of the results of 
height measurements of the luminescent layers are collected in a Table. 
A new section on hydrogen in the upper atmosphere has been added. The 
section on sodium in the upper atmosphere is amplified by inclusion of 
results of more recent studies. 

Chapter XT on the temperature distribution in the ionospheric regions 
is r(nnsed after the recent discussion on the subject by Gerson. 

A new chapter on the rocket explorations of the upper atmosphere 
(Chapter XII) has been added. Results of studies by V -2 and Aerobee 
flights, as far as available up to the time of writing, have been included. 

In Chapter XIIT, the surveys of the contemporary state of our know- 
ledge and of the unsolved problems of the upper atmosphere are revised 
in the light of the later observations and data. The subject of winds in 
the high region 8 ^)f the upper atmosphere is briefly discussed. 
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In the Appendix, besides some minor revisions, a new section on the 
proposed upper atmospheric nomenclature has been added. 

Notwithstanding the additions and revisions as listed above, I am 
acutely conscious of the fact that there have been many omissions. This 
is due partly to my ignorance and partly to the accumulation of facts and 
data too rapid to be properly systematized. I shall be grateful if the 
readers of the book bring to my notice instances of errors and omissions 
so that they may be rectified in a future edition. 

I shall feel amply compensated for the trouble of preparing this second 
edition, if it is received by the readers with the same cordiality as the first 
edition. 

January^ 1952^ S. K. M. 

InatUuU of Radio Phyaica and EUctronica, 

University College of Science, Calcutta. 




PREFACE TO THE FIRST EDITION 


The present volume on the Upper Atmos 2 )herp had a modest Vieginniiig. 
In August, 1935, T had the honour of l*oing invited by the National 
Institute of Scionees of India to open a symposium on the* ionosphere. I 
took the opportunity to write out my address in the form of a report on the 
Present State of Ovr Knowledge of the Ionosphere. This was published 
in the Proceedings of the Institute (\‘ol. I, pp. 13 Iff.) and was favourably 
received by ionospheric workers in different parts of the world. Tliis 
emboldened me to think of attempting a treatise on the upper atmosphere 
— of which the ionosphere is only one of the phases — as I found that in spite 
of the. many and varied contributions to its study by theoretical and solar 
physicists, by geomagnoti< ians, by meteorologists and l>y others, then* 
hardly existed a book dealing w'ith the subject as a whole and in t\ 
comprehensive manner. 1 confided my idea to my friend and colleague. 
Professor M. N. Saha (then Professor of Physics at the University of 
Allahabad) while both of us were on a visit to the United Kingdom in 
1936. Professor Saha enthusiastically supported the idea and I planned 
the preparation of the book on my return to India in th(i fall of the same 
year. Unfortunately, the intervention of th(* w'ar and various other causes 
interrupted the progress of the w'ork and also delayed its publication. 
This has now been made possible through the active interest which the 
Royal Asiatic Society of Bengal took in the w^ork after Professor Saha 
became its President (1945-46). I take the opportunity of thanking the 
Society for undertaking the publication at a time, when, though the war 
was over, conditions were far from normal. 

During the period that elapsed betw^een the planning and the publica- 
tion of the book (precisely 11 years— one complete solar cycle!) two 
excellent treatises, one on Terrestrial Magnetisw and Electricity, t*dited by 
Dr. J. A. Fleming and the other on Geowagnetisrn (Vols. 1 and II), by Prof. 
S. Chapman and Dr. J. Bartels, appeared. Being specialized treatises, 
these books discuss all the aspects of geomagnetism in great detail including 
those which influence or are influenced by the upper ' atmospheric 
phenomena. The present volume can hardly claim the same thoroughness 
and w^ealth of detail in dealing with these particulor topics. It is hoped, 
how'ever, that the surveys of these subjects as given li(*re will be helpful to 
the reader in understanding the general nature of the phenomena and their 
relationship with other atmospheric problems. ' 

It has been my aim to give in the book, in a connected form, an account 
of the present state of our knowledge of the upper atmosphere as has been 
obtained so far by dii-ect and indirect observ'ations. It is, however, 
impossible in these days of intense specialized research and rapid advance- 
ment of knowledge, to make a volume like this fully up-to-date. New 
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facts and new results are emerging fast. And, one has to resist strongly 
the temptation of including the latest developments if one intends to give 
a finality to his project. Nevertheless, 1 greatly deplore my inability to 
include*, at least, the results of experiments in the XJ.S.A, with the V-2 
rockets, news about which reached India just as the printing of the book 
was nearing completion. 

No attempt has been made to make the references in the bibliography 
complete. Indeed, for a volume like this, this is well-nigh an impossible 
task. The references are representative rather than exhaustive ; but 
wherever they relate directly to the subject-matter under discussion, they 
have been freely given. 

A large amount of knowledge — a surprisingly large amount considering 
the inaccessibility of the regions concerned — has already been gained of 
the upper atmospheric regions. But, as the perusal of the volume will 
show, much still remains obscure and speculative. My labour in writing 
the bot>k mil l)e amply rewarded if its study stimulates further investiga- 
tions on the yet unso’ ^ed problems. 


January^ 1947^ 
Vvioersity College of Science, 
Calcutta. 


S. K. M. 
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GENERAL CONSIDERATIONS 

1. INTRODUCTION— GENERAL SURVEY 

13ie dense lower regions of the atmosphere, up to 10 to 20 km. above the 
sat£M)e of the earth, have long been the snbjeot of intensive study by the 
metecnologists as the seat of the weather jdienomena. The attenuated 
higher regions of the atmosphere had also been the theme of study by the 
geophysicists. But such studies had long been of a more or less academio 
character. It is only in comparativdy recent years that the great impor* 
tanoe of comprehensive study of the upper regions of the atmoeidiere has 
been tiscognised, because, the {diysical state of these regions and the 
phenomena occurring therein are not only of scientifio intMost but are also of 
great importance to our everyday life. To mention a few examples, long 
distance night radio communication is only possible because of the presence 
of ionized regions at and above 200 km. ; auroral dis^ys which illuminate 
the long winter nights in polar regions occur with greatest feequency round 
100 km. and auroral streamms sometimes extend beyond 1 ,000 km. ; shooting 
stats which ate of sudi common occurzenoe at night appear and disappear 
in the region 40 to 160 km.; sound of cannon fires in France, during 
the Great Wars, was heard in England because the sound wave of explo- 
sion, proceeding upwards, was bent down by a hot region at 40-60 km. 
height; and, contemporary developments of high fiying air-craft demand 
acourate knowledge of the physical properties of the highest regicms of 
the atmosphere. 

To the scientist the upper atmospheric regions present the picture 
of a vast physical laboratory where Nature is carrying out experiments 
on phenomena like bombardment of air masses by charged jMrticles, 
electric discharge in rarefied gases, ionization by collision, magnetic double 
refiaction and photo-chemical reactions under conditions and on a 
scale not attainable in an ordinary laboratory. The track of a charged 
particle in the Wilson dond chamber may only be a few centimetres 
long; but in the upper atmosphere these may extend hundreds of 
kilometres. In experiments on electrio discharge in the laboratory 
the rarefied gas has to be enclosed in a glass vessel. The walls of 
the vessel are then responsible for the quick disaiqiearance of the ions 
and electrons and, together witii it, of the discharge glow. In the rarefied 
upper atmosphrae there ate no glass walls. Hmce the ions and electrons 
produced by any agem^, continue their existencq for a long time and are 
responsible for effects not ordinarily observable in. the laboratory. Infisct, 
the diverse problems that arise in the study of upper atmoqtherio phenomena 
are of interest to specialists in many branches oi science a strophysieists. 
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meteorologists, astronomers, mathematicians, geomagneticians, radio- 
physicists and others. 

Before commencing onr study it will be helpful to define the region of 
th^ atmosphere which we shall call the upper atmosphere. 

It has been customary for the meteorologists, since the days of Teisserenc 
de Bort, to divide the atmosphere into two regions— the troposphere and 
the stratosphere. The division is based on the mode of temperature control 
in the two parts — ^the temperature, ultimately, being dependent on solar 
radiation. In the troposphere convection is in control; in the stratosphere 
radiation is the controlling factor. 

For the purpose of the present treatise it will also be convenient to 
divide the atmosphere into two regions. These are to be called the lower 
atmosphere and the upper atmosphere. The former is identified with the 
troposphere and the latter will comprise the entire region lying above it. 
(Sometimes, the stratosphere and the region lying immediately above it 
will be referred to as the middle atmosphere.) This division is based on 
the characteristically different manners in which the solar radiation affects 
the two parts. In the lower atmosphere the predominant effect is heating 
(by an indirect process) followed by convective mixing. The solar radiation 
responsible for this is in the near infra-red, the visible and the near ultra- 
violet in the spectral range A > 3000 A. In the upper atmosphere there is 
also heating effect. But there are besides other important effects of solar 
radiation, e.g., photo-dissociation, allotropic modification, photo-excitation 
and ionization of the constituent gases. The solar radiation responsible 
for those is the entire ultraviolet region A < 3000 A. The present treatise 
is concerned mainly with the study of those latter eftbets. The stratosphere, 
insofar as it is concerned with the weather phenomena, will bo excluded 
from the study. 

Bofor.-! closing these introductory remarks it may be useful to recall 
tlie oxtromo tenuity of the higher regions of the upper atmosphere. At the 
base oi the stratospliero at 15 km. height, the density is about one-eighth 
of that at the ground. At 100 km. the density is ono-millicnth, i.o., the 
pressure is about 10-3 mm., which is of the same order as that in the 
so-called vacuum of ordinary electric bulb. At 300 km. the pressure is 
of the ord< T 10”® mm. which is that attainable in laboratory bj' only high 
quality vacuum pumps. The mean free path of a molecule in this region 
is thus 10® cm. as compared to 10”® cm, at the ground. But, as explained 
abovi>, notwithstanding such high tenuity the upper atmospheric regions 
are the scats of many phenomena of human interest. 

In Fig. 1 an attempt ha.s been made to illustrate some of the physical 
features and the phenomena occurring in the upper atmospheric regions. 
Those are, of course, iliustrativo nnd should not be taken too literally. 
This remark is particularly applicable to the density distribution above 
100 km. which is subject to uncertainty due to uncertainty of temperature 
distribution and also of the mean molecular mass. While on the assump- 
tion of a diffusive equilibrium above 260 km. the region should consist 

ZB 
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Fxo. 1. Illuatrating some of the physical features of the terrestrial atmosphere. 
Ionospheric regions are indicated by shading with dots. For the assumptions 
on which the molecular densities have been calculated, see Chapter XIII. 

almost wholly of atomic oxygon, yet auroral spectra give unmistakable 
evidence of the abundance of N+ ions [Chapter VJII]. 


2 . METHODS OF INVESTIGATION 

The methods of investigating the upper atmospheric regions n:; y bo 
classified under two heads — direct and indirect. 

In the irect method the agency employed for investigation is under 
the control of the investigator. 

In the indirect method, geophysical phenomena which are known to 
have some bearing on the physical state of the upper atmosphere are 
critically studied and the upper atmospheric conditions deduced therefrom. 

A straightforward direct method is to send up high flying crafts carrying 
instruments for recording the atmospheric data, e.g., pressure, temperature, 
humidity, or any other measurable physical quantity. For this purpose 
the meteorologists had long been using the sounding balloons. In the 
modem so-called radio-sondes the balloon carries a radio transmitter which 
telemeters the data to the ground station. The advantage of this is that 
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Table 1 
Direct Methoda 


Region studied 

Method 

Information gained 

0-32 km. 

Sounding balloons. 

Atmospheric constituents are uniformly 
mix^. Temperature falls with height 
(gradient — al^ut 6%./km.) up to tropo- 
pauae the height of which varies from 
18 km. near ecmator to 8-10 km. in polar 
regions. In t^ stratoqphere the tem- 
perature remains nearly constant with 
height. 

0—30 km. . . 

Smoke shells. 

Seasonal winds. 

0-120 km. . . 

High flying rockets, 
(Height reached 
180 km.) 

Composition of the atmosphere at 70 km- 
level is the same as in the troposphere. 
Temperature and density dustribution up 
to 120 km. is of the same nature as found 
by indirect methods. Sokur spectrum ex- 
tended beyond ozone absorption limit; 
Mg-i- doublet (A 2802) obtained in emission. 

35-60 km. 

Abnormal propaga- 
tion of sound of ex- 
plosion. 

Temperature rise in the middle atmosphere ; 
wind systems. 

70-500 km. . . 

Radio-wave propaga- 
tion. 

Atmospheric constituents are ionized; values 
of H (scale height), intensity of the 
terrestrial magnetic field, recombination 
coefficients of ions and electrons measured. 
High temperature (lOOO^K. ctr) in the 
region 250 km. * Bursts* of ionization are 
produced by meteors. 


one has not to wait till the recording apparatus is brought down; instan- 
taneous knowledge of the data is gained. The xnazimum height reached 
by such balloons (filled with hydrogen gas) seldom exceeds 32 km. 

Another method which is used for study of winds up to 30 km. is to 
shoot up shells which burst and form a smoke cloud. 

A radical advance in the method of direct study was made in 1946 
when the V-2 rocket, an engine of destruction invented during World War 
II, was employed for upper atmospheric exploration. These rockets reach 
great heights (the highest record is 180 km.) and even in the very first 
experiments, regions up to 120 km. have been explored. A brief account of 
the V-2 rocket study will be given in Chapter XII. 

The other agencies employed for direct study are pressure waves 
produced by explosion and radio wave ^pulses.’ ^e former proceeding 
upwards may be bent down if it encounters a hot region of the atmosphere. 
From records of the downcoming wave information regarding pressure 
and temperature distribution in the r^on concerned may be deduced. 
The latter is now one of the most powerful direct agencies for exploring the 
highest regions of the atmosphere even beyond those attained by V-2 
rockets. The radio wave, directed upwards, comes down if it meets 
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Table II 
Indirect Methods 


Region explored 

Critical study of 

‘i Information gained 

i 

40-160 km. . . 

Meteoric phenomena 

Temperature-rise in the middle atmosphere 
with correspondingly higher density ; tern- 
peraturo-drop round 80 km. level ; seasonal 
winds. 

20-60 km. 

Spectroscopic and 
spectro-photometric 
studies of solar 
radiation. 

Existence of ozone with maximum concen- 
tration at about 25 km. level; thickness of 
the ozone layer reduced to S.T.P. is only 
about 0-25 cm. 

75-83 km. 

Noctilucent clouds 

Low temperature (2CG*^K. ctr); existence of 
high velocity winds. 

60-400 km, . . 

Barometric oscilla- 
tions. 

Tides in the upper atmosphere; rising tem- 
perature with a cold top in the middle 
atmosphere. 

90-120 km. .. 

Variations of terres- 
trial magnetic ele- 
ments. 

Electric current systems and higli electrical 
conductivity. 

60-500 km. . . 

Luminescence of the 
night sky. 

Sodium present in the region 60-120 lun. 
Region above 100 km. contains mainly 
i atomic oxygen and molecular nitrogen. 

1 Ng molecules are ionized by solar rays. 

80-1000 km. . , 

Aurora. 

Atomic oxygen, atomic nitrogen, and ionized 
molecular nitrogen in upper atmosphere; 
entry of high-speed charged particles. 

800 km. ( ?) and 
beyond. 

Escape of atmds- 
pherio gases; leak* 
age of helium ; 
zodiacal light. 

The atmosphere is capped by a fringe region. 
High temperature (cir 1500^K.) near the 
level of escape. Zodiacal light is produced 
by light scattered by particles in the 
fringe region ( T). 


an ionised tegion of appropriate characteristics and, when it does so, 
brings with it indelible messages regarding physical condition of upper 
atmosphere which are no less useful than those recorded by instruments 
earned by sounding balloons or rockets. 

The geophysical phmiomena, the critical study of which gives valuable 
information regarding the state of the upper atmosphere are, meteoric 
flashes, aurora, luminescence of the night sky, variations of terrestrial 
magnetio elements, pressure oscillations of the atmosphere and absorption 
in solar spectrum. It is remarkable that the forms of the temperature and 
pcessnie distribution curves up to 120 km. as inferred firom these indirect 
studies long ago, agree dosely with those obtained from 'direct records by 
V-2 rockets. 

The various direct and indirect methods that are employed for upper 
atmosphnie investigation and the main results obtained therefrom are 
collected in Tables I and II. 
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3. PRESSURE AND DENSITY DISTRIBUTIONS IN SOME 
IDEAL CASES— THE OUTER ATMOSPHERE 


(a) Some general theorems 

We shall consider in this section some general theorems regarding the 
behaviour of a mass of gas like the atmosplicrc, under the permanent 
influence of the earth’s gravitational field. 

The fundamental equation connecting the pressure P and the density 
p at any height h is 

dP = — gfp dh^ (1) 

where g is gravitational acceleration. 

We also have the general gas equation 

P = (2) 

where T'— absolute temperature, 

w— number of molecules per cm.^, 

I;— Boltzmann constant 


= 1 -372 X 10“ erg/degree. 


Substituting in Eq. (1 ) nm for p where vi is the mean molecular mass and 
dividing by (2) we have 


P 




(3) 


where H{^ kT/mg) is the so-called scale height or height of the homogeneous 
atmosphere at temperature T. The meaning of H will be clear from the 
following consideration. If we assume the gas to bo incompressible, then 
a column of gas of height S and of uniform density p will exert at the level 
under consideration the pressure P. Referred to the surface of the earth 
(A = 0) where m, the mean molecular mass of air, is 4*8 x 10“*® gm. and 
T = 273®K. the value of II = 7*9 km. Equation (3 ) is very important 
because it provides a relationship between pressure (or density) distribution 
and temperature distribution with height. If one of these is determined 
experimentally, the other can be deduced with the help of this relation. 

Lot Po, po and Tq be the pressure, density and temperature respec- 
tively at the surface of the earth. Then the pressure at any height h is 
obtained by integrating Eq. (3 ). Thus 

P = P,exp[-^j (4) 

Also, since 


P pT 
Po Po^o’ 



.. ( 6 ) 
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As a special case, let the temperature increase uniformly urith height. 
If a be the rate of increase of T urith height, then T T’q+oA and therefore 



(A) Isothermal (conductive) equilibrium 

If the earth’s atmosphere were at rest, uninfluenced by any external 
agency, then the conduction of heat from one part to another, slow as it 
is, would after a sufficient length of time produce uniform temperature 
throughout its entire mass. Further, if the atmosphere consisted of 
more gases than one, then the pressure and density of each gas would 
be distributed according to the equations, 

P(-) = Po<-’exp[-^^A]| 

•• 

where the superscript (n) refers to the nth constituent gas of the atmosphere. 

Such an atmosphere is said to be in isothermal equilibrium and the law 
of variation of density (or pressure) is known as Dalton’s law. 

The isothermal atmosphere, which has been assumed to start from the 
surface of the earth, has no natural limit. According to Eq. (7) the density 
falls exponentially to zero at A s oo. 

We note that the ratio of the densities of two gase8(l ) and (2) at height 
h is given by 

Thus, at heights sufficiently great, the lighter gas will predominate. 

In Eqs. (4), (5) and (7) the value of g has been assumed to be constant 
with height. This is not correct. The value of g at height h is given by 

'-'•(jfji)*- 

I 

whrae a is the radius of the earth and p. 9 refer to the values of g at 
earth’s surface and at height h respectively; therefore we have 

dP _ dp mWjro ( a \* 

T~ kT Va+A/ 
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Integratiiig, 


_ _ r »»W ha ”1 

r Ja "1 

p-/^exp 


( 8 ) 


The ratio of densities of the two constituent gases at height A is now 
given by 




Po 




[■ 


wd )— ha “1 




According to Eq. (8) the density p even at an infinite height has a 
finite value. Under such condition no molecule could ever be said to have 
escaped from the atmosphere. It has, however, been shown by Milne f 1] 
that if account is taken of the change in g due to change in the attraction 
by the mass of air itself on outer fringe as one goes outwards, then, at 
very great heights, the molecular density will fall off according to an 
inverse square law. Taking this factor into consideration, it can be shown 
that assuming the isothermal atmosphere to begin fit}m the surface of the 
earth, a more correct expression for p at great heights in the outer atmosphere 
is given by 




-( 




(9) 


It will be noticed that if (o+A) is of the same order as a (that is, if h 
is within a few hundreds of kilometres), the expression for p reduces to the 
form of Eq. (8). On the other hand, when (o+Al^a, 




exp 


[-feH]- 


that is, p Taries inversely as the square of (a+A). 

The ratio of densities of two constituent gases at height A is given 
from Eq. (9), by 

pw ppw r/ A \f -w®) _ 

Lwi — 

The time taken for the establishment of isothermal equilibrium by 
diffusion of one gas through the other, each distributing itself according to 
Dalton’s law independently of the other, will be discussed in Sec. 3. 

In Eq. (1) we have neglected the centrifugal force on the molecule 
due to rotation of the earth. This is because even up to heights of several 
hundreds of kilometres from the sutCbm^ of the earth this force is extremely 
small compared to gravity. At a sufficiently great distance from the centre 
of the earth however, the centrifugal force and gravity will balance one 
another. For a molecule lying on the equatorial plane, for instance, the 
balancing will occur at a distance 6*6 times the radius of the earth. Theo- 
retically, this point will be one of minimum molecular density and beyond 
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this point the density will rise due to the pieponderanoe of the centrifugal 
force. But we shall presently see that long before this distance is reached 
the atmosphere in the usual sense of the term will cease to exist due to 
rarity of collisions between the molecules and to their escape to the space 
above. 

(c) Adiabatic (convective) equilibrium — the troposphere 

If the atmosphere be subject to turbulence (caused by heating, etc.) 
and possesses convective motions, then, since conduction in gases is very 
slow, there is a tendency for adiaJbaiic equilibrium to be set up. This is the 
case with the troposphere which is heated by solar radiant energy by an 
indirect and rather complicated process as explained below. 

The major constituents of the atmosphere are extremely transparent 
to the visible and in&a-red radiation. As such, the atmosphere (except in 
the .very high regions) is very little heated by direct absorption. Instead, 
the solar radiation reaching the earth heats the ground surface and the 
hot surface radiates energy in the far infira*red part of the spectrum. Now, 
the minor constituents of the atmosphere— water vapour, carbon dioxide 
and ozone — have one or more strong absorption bands in this spectral 
region (at about 14*7 /li for CO2, 6*5/i for H2O and 9‘7ft for O3). The outgoing 
radiation from the ground therefore suffers great absorption by these gases. 
If the temperature distribution in the lower atmosphere were determined 
by the emission and absorption of these long waves, then there would be, 
necur the ground, a rapid fall of temperature with height and, at greater 
heights, where the absorbing gases are rare, a nearly constant temperature 
decreasing slowly with height. But such a rapid frU of temperature makes 
the distribution of density with height unstable. Convective motions are 
therefore set up which ultimately brings down the lapse rate to a stable 
value. The lower region of the atmosphere may thus bo divided into two 
parts. In the lower part (troposphere) the temperature distribution is 
controlled by convection (the ground temperature being fixed by solar 
radiation) and in the upper part (the stratosphere) the controlling factor is 
radiation. 

In the ideal case of adiabatic equilibrium, an element of gas, when it 
is transferred from one place to another, does not lose or gain any heat by 
conduction and takes up the requisite pressure and temperature in its new 
position. For an atmosphere in adiabatic equilibrium the constituent gases 
exist in approximately the same proportion at all heights. The case is 
very important since, as explained above, the temperature distribution in 
the troposphere tends towards this ideal condition. 

We have the adiabatic relation, PP' ss constant. H^noe 

P=*Ap^ .. (10) 

where, 

A — a constant, 

Y — ^ratio of the specific heat of air at constant pressure to that at 
constant volume. 
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.^plying this to the general equation of equilibrium (Eq. (1)) ve get 




Integrating we get 


or, 


Ay 




"C 




Jl_ 

y-\ 


( 11 ) 


Eq. (11) expresses the laur according to which the density falls off with 
height in an atmosphere in adiabatic equilibrium. The constant A may 
be determined from ihe values of jnessure and density at the datum level, 
the surface of the earth. Thus 

In contrast to Eq. (7) we find firom Eq. (11) that in this case p becomes 
zero at a finite value of h given by 

Ay^ 


h. 


i7(y-l) 

yPo 


“po!7(y-i) 

We thus see that in the case of an atmosphere in adiabatic equilibrium 
we can conceive of a natural limit. If, for instance, the entire terrestrial 
atmosphere be assumed to be in adiabatic equilibrium, its natural limit is 
found from Eq. (12) to be 27-6 km. by putting Pq s 10* dynes/cm.*, g ss 981 
om./seo.* and po = l-SxlO-* gm. per cm.* 

Eq. (11) also shows that for adiabatic equilibrium the temperature 
decreases with height. The sO'Oalled lapse rate (x) l^r the ideal adiabatic 
atmosphere is given by 

^ ^ : degree/cm. 


dT 

dh 


JC, 


102X10* 

— 9'8 degrees/km.. 


where. 


J — equivalent of heat, 

Cp — spedfio heat of air at constant pressure ss 0*239. 

The proof of the relation is as follows:— 

Combining Eq. (2) with the adiabatic equation (10), we have 


T 


Am y_ j 


Hence, 


dT 

dh 


Am 


(y_l)py 


-2?g 

dh' 


(13) 
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Also diffraentiatiiig Eq. (10) 'with lespeot to h and remembering the fnnda* 
mentql relation given by Eq. (1) ‘we have 

9p g 1 


_i 

dh Ay' pY~^" 


(14) 


Substituting (14) in (13) 'we get 

dT ^ y— 1 

aA ~ Ay' 

Now remembering that 

y = ^ and also ^ , 

we have 


Thus. 


y— 1 k 
Y ” JmCp ‘ 

^ JL 

dh ” ^JCp ‘ 


Actually, for the troposphere, the lapse rate is —5 degrees per km. instead 
of —9*8 degrees j)er km. Further, the height of the troposphere varies 
between 8 and 20 km. and is not equal to 27*5 km. This shows that owing 
to various factors the troposphere is not in perfect adiabatic equilibrium. 

We have shown above that an atmosphere in ideal adiabatic equi- 
librium has a natural limit. But this natural upper boundary will not be a 
surface separating a region of perfect vacuum above from a region containing 
gas molecules below. Due to thermal agitation molecules from the 
atmosphere below will be constantly evaporating, as it were, across the 
'surface separating the vacuous space above from the atmosphere below in 
much the same manner as molecules evaporate from the body of a liquid to 
the space above its surface. The region immediately above the natural 
limit will therefore contain molecules. This region may be called the outer 
atmosphere and it will be in isothermal equilibrium. The outer layer, 
according to these simple considerations, needs be only a few metres thick. 
Account, however, has to be taken of the fact that radiation from the hot 
gases inside is continually coming and heating this isothermal layer and 
that, in order that the atmospheric arrangement may be in equilibrium, the 
nidiation and the absorption of heat by each element must balance each 
other. These considerations lead to the conclusion that the isothermal 
layer above the adiabatic layer, instead of being a few metres thick, will 
extend to greater heights [6a], 

Assuming that the atmosphere consists of two layers, the lower in 
adiabatic and the outer in isothermal equilibrium and ^rorking out the 
condition for radiation equilibrium, it has been shown that for an atmosphere 
of uniform constitution, the adiabatic state cannot extend to a height 
greater than that given by P = where Pq is the pressure at the surface 
of the earth. For an atmosphere of non-uniform constitution, the adiabatic 
layer may extend to greater heights. By assuming absorption by water 
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vapour of variouB amountB at different heights, it has been shown that the 
height cannot exceed that given by P b ^Pq, which, for the case of the 
terrestrial atmosphere, is 10*6 km. This, as is well known, is roughly the 
height of the troposphere. 

The outer atmosphere being more or less in isothermal equilibrium has 
no natural limit, though the point of minimum density due to balancing 
of the centrifugal and the gravitational forces is sometimes spoken of as 
the limit of the outer atmosphere. But as already mentioned, and as will 
be shown in Sec. 6, long before this height is attained (distance 6*6 earth- 
radii in the equatorial plane) a limit of the outer atmosphere will have 
been reached due to the rarity of collisions and the escape of molecules 
from it. 

It is to be remarked in this connection that if the temperature as 
observed in the stratosphere remains unaltered with height at all levels, 
then the density in the higher regions calculated with help of Eq. (7), 
assumes totally unacceptable values. For example, at SOO km. level, the 
density becomes less than 1 gas particle per cm.^. But, as we shall see in 
Chapter VI, there are at least 10^ particles per cm.^ in this region. It 
therefore follows that the scale height hTjmg) must be greater in re- 
gions above the stratosphere. We shall see in Chapters III and XI that 
this, in fact, means that in regions above the stratosphere the tempera- 
ture attains considerably higher values. 

4. TIME FOR ATTAINING DIFFUSIVE EQUILIBRIUM 

In Sec. 3, we have referred to the fact that the atmosphere left un- 
disturbed to itself for a sufficient length of time would attain isothermal 
equilibrium in which each constituent gas is distributed exponentially 
according to Dalton’s law; the lighter gases will predominate in the higher 
regions and the heavier ones in the lower. In this section, we shall consider 
the time taken for attaining such an equilibrium condition starting from 
the state in which the gases are mixed in the same proportion at all heights. 
The problem is of importance in determining the proportion in which 
the different constituent gases would occur in the higher regions of the 
atmosphere. Such determination is, however, complicated by the fact 
that the outer atmosphere (the stratosphere and the regions above it) is 
not in isothermal equilibrium. Due to diurnal heating and cooling, and 
tidal motions the gases in the high atmosphere — even up to the region 
of the ionosphere (250-400 km.)— have a tendency to be mixed up 
opposing the tendency to their diffusive separation by gravity. In order 
to estimate the proportion in which the constituent gases exist at different 
heights, it is necessary to know at what level tendency to diffusive 
equilibrium becomes important in spite of turbulence due to convective 
currents and tidal motions. 

The problem of determining the time of attainment of diffusive equi. 
librium has been studied by Maris [2], by Epstein [3] and by Milra and 
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Rakshit [4]. We give below the anal}rsis and the results obtained by the 
last named authors. 

CSonsider the atmosphere as a mixture of two gases labelled (1) and (2). 
At a height h above some datum level, let the number of molecules 

of gas (1) diffusing upwards per unit time .across unit area of the horizontal 
plane. Then, 

(N *= — D , • . . . . . (16) 


where tin is the molecular density of gas (1) at the height h and D is the 
coefScient of diffusion (Meyer’s formula, corrected), given by 


1*34 

3 »M +«» 


:. ( 16 ) 


where »» is the molecular densitj' of gas (2) at height h; Au, A 2 * the mean 
free paths of the two gases and Vi, Vf their mean molecular velocities. 
Since dtiujdh is negative, —D Btiuldh is a positive quantity. 

The molecules of gas (1) will also be falling downwards due to gravity. 
Let (ii^u)^ be the number of molecules falling down across unit area in 

unit time. Then 


(•N'l*)^ (17) 

where Vi is the effective velocity of the fall. The net number of molecules 
going up across unit area in unit time is therefore, 

{Nu)f — — ViUi^ (18) 


The form of the expression for t'x can be obtained from the equilibrium 
condition when Nih — 0. Now, in the case of linear rise of temperature 
mu end mu are given by Eq. (6), 



where mtx and rni^ are the molecular masses of the constituents (1) and (2) 
and mxo and m^g their densities at the datum level. 

Substituting in Eq. (18) the values of mu and Bnn^dh obtained from 
Eq. (19) we get, for equilibrium condition, 

0 = 2) -- - riHu 


or. 




^ >»ig+ta 
" kT ’ 
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Tabm I 
■Direct Methods 


Region studied 

Method 

Information gained 

0-82 km. 

Sounding balloons. 

Atmospheric constituents are uniformly 
mixed. Temperature falls with height 
(gradient — about 6%./km.) up to tropo^ 
pause the height of which varies from 
18 km. near equator to 8-10 km. in polar 
regions. In the stratosphere the tem- 
perature remains nearly constant with 
height. 

0-30 km. 

Smoke shells. 

Seasonal winds. 

0-120 km. . . 

High flying rockets. 
(Height reached 
180 km.) 

Composition of the atmosphere at 70 km* 
level is the same as in the troposphere. 
Temperature and density distribution up 
to 120 km. is of the same nature as founa 
by indirect methods. Solar spectrum ex- 
tended beyond ozone absorption limit; 
Mg+ doublet (A 2802) obtained in emission. 

85-60 km. 

Abnormal propaga* 
tion of sound of ex- 
plosion. 

Temperature rise in the middle atmosphere ; 
wind systems. 

70-500 km. . . 

Radio-wave propaga- 
tion. 

Atmospheric constituents are ionized; values 
of H (scale height), intensity of the 
terrestrial magnetic field, recombination 
coefficients of ions and electrons measured. 
High temperature (lOOO^’K. ctr) in the 
region 250 km. * Bursts* of ionization are 
produced by meteors. 


one has not to wait till the recording apparatus is brought down; instan* 
taneous knowledge of the data is gained. The maximum height reached 
by such balloons (filled with hydrogen gas) seldom exceeds 32 km. 

Another method which is used for study of winds up to 30 km. is to 
shoot up shells which burst and form a smoke cloud. 

A radical advance in the method of direct study was made in 1946 
when tiie V-2 rocket, an engine of destruction invented during World War 
II, was employed for upper atmospheric exploration. These rockets reach 
great heights (the highest record is 180 km.) and even in the very first 
experiments, regions up to 120 km. have been explored. A brief account of 
the V'2 rocket study will be given in Chapter XII. 

The other agencies employed for direct study are pressure waves 
produced by explosion and radio wave 'pulses.’ llie former proceeding 
upwards may be bent down if it encounters a hot region of the atmosphere. 
From records of the downcoming wave information regarding pressure 
and temperature distribution in the region concerned may be deduced. 
The latter is now one of the most powerful direct agencies for exploring the 
highest regions of the atmosphere even beyond those attained by y-2 
rockets. The radio wave, directed upwards, comes down if it meets 
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diffiiaion. Now» the total number of molecules of gas (1) to be separated 
for complete diffusion is given by 

— (Pik) ^jjxnumberof molecules of gas (1) to pro- 
duce unit pressure, 

where piu is the partial pressure of gas (1) at level A, and hence the time 
for the first 10 per cent diffusion is easily calculated. Similarly, the times 
for the successive 10 per cent diffusions are found out. The total time 
required for 80 per cent diffusion is then calculated for different levels. 

It should be remembered that with the progress of diffusive separation, 
the temperature distribution tends to become constant with height. This 
has not been considered in the calculation. Since with the progress of 
diffusion the upper part becomes cooler and the rate of diffusion becomes 
slower, the time for diffusive separation would, in general, be greater than 
that given in Table III. 

In order to carry out numerical calculations it is necessary to know the 
physical conditions, viz., the composition, pressure and temperature at the 
datum level and also the probable distribution of temperature above this 
level. The assumptions made by Mitra and Rakshit and the reasons for 
making the same are given below briefly. For fuller details the original 
paper may be consulted. 

(1) The 100 km. level is taken as the datum level. 

It is assumed that the atmosphere below this level is thoroughly 
mixed while that above is in diffusive equilibrium. 

The reason for making this assunix>tion is that the pressure in the 
regions below is such that the constituents if once mixed up by turbulence 
will take a long time — ^measured in years — ^to settle down to perceptible 
diffusive equilibrium. And, observations on drifts of noctilucent clouds 
and meteor trails siiow that tlie regions immediately below 100 km. are 
subject to strong u inds. The upper limit of the level up to which the 
atmospheric constituents should remain mixcjd in more or less the same 
proportion as at the surface of the earth cannot therefore be much below 
100 km. 

(2) The atmospheric constituents below 100 km. are N2 and while 
those above are N2 and 0 [see Chapter V]. There is, of course, a region of 
transition in which preponderance of O.2 gradually gives way, from bottom 
to top, to preponderance of 0. The effect of this region of transition is 
negloctod in the calculation. 

For the sake of comparison calculations are also given for the case of 
an atmosphere consisting of N3 and O2. 

(3) The pressure and temperature at 100 km. are taken as 10*^ mm. 

and 300®K. respectively [see Cluip. XIII, Sec. 1]. * 

(4) The numbers of N2 molecules and O atoms at the datum level are 
taken as 2-64 xlO^* and 6-96 xlO^* per cm.^ respectively. 

(6) The temperature is assumed to increase linearly with height with 
a gradient of 4%. per km. from 100 km. [see Chap. XIII]. 
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Tables m and IV give the xesults obtained by Mitra and Rakahit. 


Tabls m 

Tim»/dr 80% diJJ^mon 


Height (km.) 

NfO 

Bisiiig tempeiature 

N„ 0, ' 

Ricing tenperotun 

N„0, 

Constaut tampemturs 

166 



14-12 hours 

176 

• • • • 

68-20 hours 

«*68 .. 

200 

• . • • 

• • • • 

0*46 „ 

226 

• a • • 

10-00 hours 


260 

17*47 hours 

3-00 ,, 

• • • • 

300 

7M „ 

■ • . . 

• • • • 

360 

3*«7 „ 

.... 

.... 


Table IV 

Ptnenlage diffiuion at difftrtiU levels after 10 hmirs 
(Rising tempemture) 


Height (km.) 

N„ 0 

0, 

100 

0 

0 

126 

3*6% 

2*6% 

160 

10-6% 

»% 

200 

43% 

47% 

260 . 

71% 

»«% 

300 

82% 


360 

01% 

Practically complete 



diffusive equilibrium. 

400 

.... 



If we asaums that the upper atmosphere is disturbed by periodic 
foroes (due to diurnal heating and cooling and tidal motions) and that as a 
oonaequenoe the constituents are mixed, then on the assumption of a rising 
temperature, the constituents have no time to settle by diffusive separation 
even up to the height of 260 km. Above this heij^t, the time required for 
diffusive separation becomes small compared to- the period of the, disturbing 
force. Diffusive separation may therefore become important beyond this 
height. On the basis of the above considerations one may expect that Ns 
and 0 above 260 km. are more or less in diffusive equilibrium and that 
in the highest regions of atmosphere atomic oxygen will predominate. 

5. ESCAPE OF GASES EROM TERRESTRIAL ATMOSPHERE— 
THE FRINGE OF THE ATMOSPHERE 

(a) Level of escape of atmospheric gases 

A question of considerabls interest and importance is tibe hei^t of the 
sO'OaQed eeiUng or the top of the atmosphere, i.e., tiie height above which the 
atmosjdiere in the ordinary sense of the twm ceases to exist and at which its 
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limit may be said to have been reached. An atmosphere in ideal adiabatic 
equilibrium has got a natural limit; this, as we have seen, is obtained from 
Eq. (11) by putting the density p equal to zero. The outer atmosphere 
being in more or less isothermal equilibrium has, however, no natural limit, 
i.e., no finite height at which p becomes equal to zjdro (Eq. (7) ). We may, 
however, imagine a limit from the following considerations. In any region 
above the surface of the earth, the atmosphere in the ordinary sense of the 
term can exist only if the molecules in the region are preyented from 
escaping by collisions with the molecules above. Now, as one goes up, the 
atmosphere becomes increasingly rarefied and the frequency of collisions 
between the gas jiartioles becomes smaller and smaller. A height is 
ultimately reaped where the collisions are so few and far between that a 
molecule moving upwards, by receiving an impact from a molecule in the 
denser atmosphere below, has little chance of returning to earth by collision 
with molecules above. The height at which this state of afiGeiirs prevails may 
be said to be the limit of the atmosphere. Above this height the molecules 
move freely with the velocity acquired at the last collision in the. lower 
region and, being subject only to the pull of gravity, describe parabolic, 
elliptic or hyperbolic paths according to the magnitude of their velocities. 
This region is called the fringe region of the atmosphere or the exosphere. 
Molecules with hyperbolic orbits will, of course, escape from the earth and 
the velocity necessary for escape is given by 

r 

whore V — ^velocity of the molecule, 

g — acceleration due to gravity at the level from which the molecule 
escapes, 

a — earth’s radius, 

r— distance of the level of escape from the centre of the earth. 

The minimum velocity Vc for escape — ^the so-called critical velocity is thus 
about 11 km./sec. (r = 7,378 km., a = 6,378 km., g » 733 cm./sec.^ at 
1,000 km. level). 


Cone of escape 


The first attempt to calculate the height at which collision begins to 
have negligible effect was made by Milne [1] and was later followed up by 
J. E. Jones [6]. It was shown by the latter that the failure of previous 
workers to estimate the height of the ceiling of the atmosphere or the level 
above which there is very little chance of a collision is due to their assumption 
of uniform molecular density along the free path of a molecule. At high 
altitudes of the atmosphere, the bee path of a molecule is large and the 
molecular density also decreases rapidly upwards. Along the free path 
of a molecule, therefore, the molecular density is liable to change appreciably^ 
Account has thus to be taken of the feMt that the probability of collision 


of a molecule is a function not only of its velocity but also^f its origin and 

(UlATICSgJI^ 
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direction of motion^ since the molecular density will vary in dififerent 
manners in different directions. These considerations lead to the idea of 
the cons of escape which may be understood as follows. Let us suppose 
that an observer ascends upwards from a layer where molecular density 
is small but appreciable. If the molecules were opaque, then the hemi- 
spherical sky above the observer would appear 'to him to be absolutely 
opaque; a line drawn from the observer towards any direction would pass 
through many molecules, one behind the other. If the observer continues 
his ascent, the molecules overhead will gradually thin away and he will 
teach a level where the molecules overhead will just fill the sky, i.e., a line 
drawn upwards will pass through only one molecule, whereas a line drawn 
in any other direction will still pass through more than one molecule. 
Mounting still higher, he will find his sky overhead gradually clearing up 
and he will *see’ a cone with its axis vertical within which his sky will be 
clear. It is obvious that this cone will open out with height and the observer 
will finally have his whole sky clear. This is the cone of escape of the 
molecules. A molecule moving within the solid angle of this cone will 
have some chance of escaping without a collision. 

Jones starts with the well-known expression of Tait giving the prob- 
ability of collision of a molecule of velocity v with any other molecule in 
the interval of time 8^. We have 


2n ft 




e=o 


CO 

« 

exp ( — wt;'*/2fc!P) dv* sin BdOd^^ 


where f{v)it is the chance of a collision of a molecule of velocity v with any 
other molecule in the time St, 
n — -molecular density, 
a — ^molecular diameter, 
m — ^molecular mass, 

V, V* — ^velocities of the colliding molecules, 

F — relative velocity between the colliding molecules given by 
F* sa 2tw' cos B, 

B, ^ — ^Eulerian angular co-ordinates defining the direction of motion 
of V* with respect to r. 


The expression for f(v) on integration reduces to the form, 

^ \ \]2kTj 


2kT 

where is of the form, 

^(x)*ax exp (— 3'*)+(2a:*+l) 


/: 


exp {-tfi)dy. 


(The derivation of the expression, as also values of 0(x) and x^l0(x) are to 
be found in Jeans* Dynamical Theory of Oases, 3rd Edition, p. 256.) 

2B " 
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Sinoe the dhaaoe ci oaUisiim of a nudeoule of vdodty « with any 
other moleonle in traTersing the path element 8« is f{v) ia/v, the ooDiaion is 
a owtainty within the free patii a when 




a*. 


> 1 . 


For the ease of onifonn mdeoolar density (n constant with respect to the 

path a) and no external field of force, the length of this path J 
is obviously equal to vlf(v). 

If A is not constant, as is tixe case in tiie uppw atmosphen*, the length 
of the path is obtained from 

v*fn 






where n(a) denotes molecular density as a function of the path a. 

Now, for variation of n with hmght we have Milne’s escpression [1]» 
deduced by taking into account the change in g caused by the change in the 
attraction by the mass of air left behind as one goes outwards (Eq. (9) ), 

where 

no — ^molecular density at the base of the isothermal part of the 
atmosphere at distance Tq from the centre of the earth, 
n — ^molecular density at a distance r where collision is being consi- 
dered; 

or, putting 




'9o» 


«-»'o(^)exp[-(l-ay„] 


( 21 ) 


Now, consider a molecule which has acquired its velocity by coUision 
at a point distant r from tbe centre of the earth, and moving in a direction 
making angle 6 with the radial directiem at the perint. If the path a is 
reckoned fipom the point of collision and B denotes the radial distance 
corresponding to a, then, neglecting the curvature of layers of equal density, 

B r+a cos $, 

The length of the free path is then given by 

I 

vhn 

where n(J2) denotes (he molecular density at a distance 


I 


n{B)da t 



UPPER ATMOSPHERE 


CHAP. I 


Introduoing the ezpiession for n as given in Eq. (21) and integrating, 
we obtain 


^ g'oc«'* oosffst* 

«*p (sW»^)-e3tp (?on)/-R) ' 




.. ( 22 ) 


This equation determines B and therefore the free x>ath 8 from the 
relation 


8 =a (JJ— r) sec Of 


when r, v and 0 are given. 

If the molecule is to escape from the atmosphere, then 8 and, theirefore, 
B should be infinite. We thus get from Eq. (22), the condition for the escape 
of the molecule, 


e*P (?o^o/'0-l 


go 


e®*® cos 6 


v*m 

2fcf 



.. (23) 


The estimate of the lowest level from which escape is possible is obtained 
by patting $ = 0 and « a. oo in the above equation, i.e., when the molecule 
is moving radially with infinite velocity. Since for a; — oo, !fi/0{x) is 
(Jeans, loc. eU.), we have firom Eq. (23) for this case. 


®*P (g'oW»’«)-i 


go (go) 

wB4)a*ro ’ 


.. (24) 


where r. is the height of the lowest or the critical level of escape. 

Introducing in the relation the expression for the variation of molecular 
density mth height as given by Eq. (21), we have for the density at tiie 
critical level. 


m 


»oe -f 


S'® . g'o 


W(7*ro j 


Hence, if g'o large, the molecular density 7ie at the critical level is 
given by 

g'o 




WGr*ro 


It is interesting to note that in such case, since the order of the expression 
is determined almost entirely by and by tq which are approximately 
the same for all molecules, the density at the critical level is the same for 
all kinds of molecules, namely, of the order of 10^ per c.c. 

At the critical height r«, a molecule in order to escape must move 
radially (0 » 0) and with infinite velocity. Above the critical height there 
is a range of values of 0 for which escape is possible. The limiting value of 
Of for f greater than is obtained from Eq. (23) by putting t; sbs oo. Thus 


cos Or 


g'o exp (g'o) 


[exp {q’ofoM-ll 
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Or, mtoodadng the oritioal hmght r« from Eq. (24) 


008 


»P (9'aro/r)~-l 
6xp (goro/»’*)*-l ' 


.. (26) 


The cone of semi-angle 9, given by the above equation is the cone of 
escape. 

Thus, in order that a moleoule may escape from the atmoB|diete, 


(i) its velocity must exceed the critical value 



(ii) its last i>oint of collision must be above the oritioal level 

(Eq. (24) ), and, 

(iii) its direction of motion, after last collision, must 611 within the 

cone of escape (Eq. (25) ). 


It should, however, be noted that not every moleoole satisfying the 
above conditions will be able to escape. The angle 0,. of the ocme (Eq. (26)) 
is the maTimiim that is poesibU for escape (when the velodfyr is maximum, 
i.e., V ss 00 ). For a molecule with finite velocity vg, the direction must 
fall within a cone of smaller angle (0<9,), in order that its subsequent 
motion may be free from collision. The value of this angle is easily obtained 
from Eq. (23). 

In the discussions above we have called the lowest level of the region 
of escape (which may be of considerable thickness) as the critical level. In 
discussions on the escape of planetary atmosphere, however, the middle, 
instead of the lowest level of this region, is often referred to as the critical 
level. In the discussions that foUow we will refer to this middle level as 
the mean oritioal level. 

Jones [6] and Milne [1] calculated the levels of escape of hydrogen and 
which at the time they wrote their papers were believed to be the 
probable constituents of the upper atmosphere. Assuming the temperature 
of the outer atmosphere to be 219*1C they obtained the value of the level 
of escape to be 1,621 km. if the outer atmosphere consisted of hydrogro, 
and 630 km. if it consisted of helium. The heights are measured from 
above the stratosphere, 20 km. from the surface of the earth. The 
assumptions of Milne and Jones regarding the constituents and tem- 
perature distribution in the upper atmosphere are inconsistent with 
later observations. We know now that the atinosphere above 100 km. 
cmisists of molecular nitrogen, atomic oxygen and also probably atomic 
nitrogen. The gases are more or less in difiusive equilibrium and 
are at a high temperature oS the order of 1000*^ Iraiospherio observa- 
tions give reliable estimate the mcdecular density at tiie 100 km. 
level (about 10^* per cm.*). If this level is talmn as the datum level 
then the disposition of the gases witii height can be calculated for 
any probable rise of temperature with height. The minimum height 
tike level of escape of atomic oxygen, which is the predominant gas in 
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the outer togion of the upper atmosphere, is tiius found to he 671 km. 
above the datum level at 100 km. (a >■ 2*63xl0''* om., T « lOOO'K). 

{h) The problem of helium 

It is obvious that mdeoules above the oritioal height moving with velo* 
dty gieatnr than tiie oitical velocity witidn the cone of escape will escape 
from the earth. And, since, whatever be the mean velocity of the gas 
mdleenles (Le., tiie temperature), a certain fiaction of the molecules win 
always have velocities greater than the critical velocity, this fraction will 
always be escaping from the earth. The important question— how long 
will it take for a gas with a certun velocity to be dissipated from the 
eartii t — ^therefore, arises in this connection. 

The question is of particular importance to light gases like hydrogen 
and helium, which on account of their highm mean velocity have greater 
chance of escape. 

The jHToblem was first attacked by Jeans [6] in a simple manner and 
later by Milne [1] and by Jones [6] tddng into account the cone of escape 
discussed in the previous section. The time required f<n the dissipation of a 
gas as obtained by the more rigorous calculations of Milne and of Jones is 
in all cases longer than that obtained by Jeans. For instance, for the 
escape of hydrogen assuming the upper atmosphere to be at a temperature 
of — 54”C., Jones finds that the concentration would fall firom 1*89 x 10^’ to 
1-89x10* in 2x10** years; Jeans, on the other band, finds that for total 
dissipation 2*8x10** years will be required. However, notwithstanding 
the greater rigour of Milne and Jones’ method, we briefly describe below 
the metiiod of Jeans’ calculation because it is based on very simple ideas 
and will give results sufficiently approximate for our purpose. 

The number of molecules which cross unit area of the sphere of radius 
ft per unit time with velocity greater than the critical velocity is given by 

( m Vf f 

* \ZnhT) J J J « v^v^Vgdv, 

where, 

n— molecular densiiy at the sphere r s r«, 

v„ V,, V, {z direction along the radius of the sphere)— components of 
velocity of the molecule along the oo>ordinate axes, and 

»,*+»,*+»,* >^. 

C 

This number of mdeoules, according to Jeans, is escaping from the 
earth’s atmo^kere per unit area per unit time. 
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Changing into apherioal oO'Oidinates and integrating, this is given by 

mga^ 



Substituting for n from Eq. (8), namely, 

( mga r, — o\ 

-W—) 

where no — ^molecular density at the base of the isothermal atmosphere, we 
have the number of molecules that is lost per unit time per unit area from 
the atmosphere 

mga 


^0 


irm \‘^^hTrJ 


I / 

V ^ 


( 26 ) 


Therefore the time ^ required to lose the molecules that are contained 
in a layer of unit thickness at the base of the isothermal atmosphere is 



Or, substituting for T the value mC^lZk where C is the root mean square 
velocity of molecules at temperature T and remembering that ajvg is nearly 
equal to um'ty, 


^0 



exp {Zga/C^) sec. 


.. (27) 


If be the height of the homogeneous atmosphere, the time required 
for the whole atmosphere to escape is equal to fo xH, 

From the expression for /q it is easily found that if the mean velocity 
is equal to the critical velocity then the gas will be entirely dissipated in 
1*4 hours. The time of dissipation, however, rapidly increases as the mean 
velocity becomes smaller. If, for instance, the mean velocity bo one-fifth 
that of the critical velocity then it will take l*9xl0^<^ years for the gas to 
escape. We shall now use the above analysis to study the ease of the escape 
of helium from terrestrial atmosphere. 

Careful measurements show that the helium content near the surface 
of the earth is 6x10'^ per cent by volume. This proportion of helium 
is found to exist at least up to about 70 km. as measurements on samples of 
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air ooUected in rocket flights show [66]. If the height of the homogeneouB 
atmosphere is taken as 7*9 km«, the amount of helium per sq. cm. column 
on the surface of the earth is found to be 10*o atoms, ^s is considerably 
less than the amount that must have been discharged in geological times from 
the crust of the earth by the washing away of the igneous rooks which contain 
uranium and thorium. According to an estimate' by landemann [7]» the 
helium content of the atmosphere due to this discharge ought to have been 
at least 6 x 10^^ heUum atoms per sq. cm. column. To this should be added 
the helium which is being constantly discharged with the natural gases from 
the so-called helium fields of North America. This amounts to 2 x 10^ cu. m. 
per annum. But according to Lindemann {loe. eit.) it is unlikely that this 
discharge could have affected the total averaged over geological periods — 
— 10* years. Since the total content of helium in the atmosphere at a 
very liberal estimate is 6x10** atoms per sq. cm. column, it follows that 
at least 5*5 x 10*^ helium atoms must have disappeared from the terrestrial 
atmosphere. This means that from the outermost layers 10* atoms must 
have been disappearing per sq. cm. per sec. 

The two obvious modes of disappearance of helium are its chemical 
combination with other atmospheric gases and its escape from the terrestrial 
atmosphere. The first of these possibilities is ruled out because of the chemi- 
cal inertness of the gas. Begarding the second, from the expression (26) we 
find that helium can escape at this rate from the earth if the temperature of 
the escaping helium be greater than lOOO^K. The problem of escapi has also 
been examined critically by Spitzer [7a] after modifying the treatment 
given above. According to Spitzer the temperature at the critical level of 
escape is of the order ISOO^K. We shall see in Chapter XI that a number 
of other atmospheric phenomena also points to the existence of a high 
temperature of this order in the upper regions. 

Helge-Peterson [8] bas closely examined the case of the escape of 
helium by steady upward diffusion through the rest of the atmospheric 
gases. He comes to the remarkable conclusion that in such case, when a 
steady state has been reached, the decrease of helium density with height 
will be much more rapid than that for the normal case of no escape with the 
helium in static equilibrium according to its owft partial pressure. In fact, 
for the case of escape, the density of helium would be 10* to 10^* times 
smaller than the case of no escape with static equilibrium. This conclusion, 
which is by no means obvious without detailed calculation, explains the 
scarcity of helium in the upper regions of the atmosphere as indicated by 
the absence of helium lines in the spectrum of the night sky and of 
aurora. 

The problem of the escape of atmospheric gases has been re-examined 
in recent jears by Spitzer [7a]. According to Spitzer the previously 
calculated values 6f the time of escape (^i) are too low and have to be 
multiplied by a factor 10*. This is because while the upper regions of 
the atmosphere from where escape takes place is isothermal at a high 
temperature, the underlying region is at a much lower temperature. The 



8B0. 6 


GENERAL CONSIDERATIONS 


25 


deiiBity at these lower heights is thus muoh greater than that of the hypo* 
thetioal atmosphere assumed by previous wwkers and the time necessary 
for escape is thus also increased. 

With the above correction a temperature of 1600”K is needed at the 
oritioal height for escape for helium. Spitaer, however, estimates that the 
average temperature in the region of escape may not be muoh above 600*^. 
During solar flares when intense ultra*violet light is emitted the tempera- 
ture at and above 300 km. is raised to 2000°K and helium escapes during 
these periods of ultraviolet blasts. 

(e) The * fringe * region or the exosphere 

It is evident that molecules or atoms moving with velocity less than 
the critical velocity may also avoid collision if they move within the cone 
as deflned by Eq. (26). Such particles will not, however, be able to escape 
from the atmosphere but will, after describing elliptic paths, fall back to 
the atmosphere (Fig. 2). These high flying particles constitute what may 
be called the fringe of the atmosphere or the exosphere. The fringe region 
obviously commences from the level where the semi-vertical angle of the 
cone of escape approaches 90^ The heights to which the particles will 
rise will depend on the magnitude and the direction of velocity acquired at 
the last collision and also on the value of g at the point of collision. 


Fzo. 2. Trajoctorios of a particle projected 
with velocity 3*5 km. /sec. from the level 
of escape assumed to be 1 ,000 km. above 
the surface of the earth. The angles to 
the vortical are (a) 60% (6) 45^ and (e) 
30% 



The particles in the fringe region having little chance of collision 
will not bo subject to the gas kinetic laws. Their average density will 
diminish as one moves up from the region of escape. It is possible to make 
an estimate of the rate of decrease of the average density by making plausible 
assumptions regarding the density, the temperature and the velocity 
distribution of the particles in the region of escape which is the source of 
the particles in the spray region. Table V prepared by Mitra and Banerjee 
[9] shows how the average density of the particles in the successive layers 
of the spray region may be expected to diminish as one ascends into the 
region. The following assumptions have been made in the preparation of 
the table: 

Source of the particles in the fringe region . . Top layer of the 

region of escape 

Height of the source . . • • 800-1000 km. 
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Average density (the particles are mostly 
0-atoms) in the source . • • . 3 x 10^ per cm.^ 

Temperature of the source . • lOOO^K 

Velocity distribution of the particles in the 
source • • . . . . . . liCazwellian 


Table V 


Region above 
earth’s surface 
in km. 



1,250-1,000 

1*50 

1.87 

1,600-1,250 

1-87 

2*60 

1,750-1,500 

2*60 

3*15 

2,000-1,760 

3*15 

3*59 

2,250-2,000 

3*59 

3*95 

2,500-2,250 

3*05 

4*27 

2,750-2,600 

4*27 

4*64 


B 

ng 

Average density 
(number of parti 
cles per cm.®). 

101* 

7-8 X 101* 

1*0x10® 

7*8xl0» 

4*0 X 10* 

3*0 X 10® 

4*0xl0» 

2*4x10® 

8*0 X 10® 

2*4xl0» 

1*4X10» 

4*5 X 10* 

l*4xl0» 

1*1x10® 

2*3x10 

i*ixio« 

9*2 X 10® 

2*0 

9-2X10A 

9-9x10* 

1*0x10“^ 


The last column in the table gives the average density of the particles 
in the regions corresponding to those shown in the first column. Vi and V 2 
give the range within which the velocity of the particles must lie in order 
that the top part of their trajectories will lie within the region concerned. 
Wi and ng give the numbers of particles with velocities Vi and respectively, 
at the 1,000 km. level, crossing over to the fringe region per sq. cm. per 
second. 

It will be seen from the table that the density in the fringe region 
diminishes with increasing height and in the region of 2,600 km. from the 
earth’s surface, the density falls to about one particle per cm.^ which is 
the order of the density of matter in the interstellar space [10]. 

It is to be emphasized that the values given in Table V are only illus- 
trative and are not to be taken too literally. They depend upon the 
assumptions made regarding the critical height (height of the level of 
escape) and on the density and the temperature of the particles there. All 
these values are still far from certain. For example, Spitzer [7a] from 
various considerations comes to the conclusion that the mean critical level 
lies well above 300 km., somewhere between 600 and 1000 km. The density 
of the particles at this level, he assumes to be 3 x If these data 

are used the values in Table V above have necessarily to be modified. 

Spitzer has also drawn attention to the shortness of the average time 
which the particles spend at great heights. This time, above a certain 
level, depends upon the density of particles at that level. According to 
Spitzer ’s computation, the time spent above the mean critical level, (where 
density is 3 X lO^/cm.^) is a few minutes ; above the region where density is 
lO^o/cm.s, it is a few days and above the region where the density is 
lO^^/cm.* about a year. According to Spitzer, the height where the 
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density is about Kflfemfi, is probably between 300 and 400 km. DiffusiTe 
eqailibiium is appreciable above this level, though the lower level of the 
same may be 160 km. 

It has also been pointed out by Spitzer that the distribution of neutral 
atoms in the exosphere above the critical level is that of an isothermal gas 
with, the temperature the same as about the critical level. This follows 
from Liouville’s theorem, according to which ‘ the density of particles in 
phase space is constant along a dynamical trajectory. Thus, the density 
of particles moving in a certain direction at a certain height in the exo- 
sphere is exactly the same as the corresponding density for these same 
particles when they first entered the exosphere ’. Hence if at the critical 
level the velocity was Maxwellian, it will also be so in the exoq>here. 

The region between 300 km. level and the mean critical level GyiDfi be- 
tween 500 and 1000 km. according to Spitzer) is the transition region between 
the normal lower atmosphere and the exosphere. In view of the small 
average time which the atmospheric particles spend in this region, dissocia- 
tion and recombination are improbable. Hence the conditions at these 
heights are determined by the condition of the atmosphere below rather 
than by local equilibrium. 

(d) Viscous draft due to rotation of the earth 

An interesting pdnt to be considered is the possibility of different 
layers of the upper atmosphere at different heights moving with different 
angular velocities on account of insufficient viscous drag. The exfoession 
for the coefficient of viscosity of a gas being if s It would appear 

that the viscosity is independent of pressure ; here 9 is the mean velocity 
of the molecules and A the mean free path. The above expressi<Hi will, of 
course, hold as long as the gas obeys gas kinetio laws, i.e. as long as collisional 
frequency is appreciable. It may be noted here that in experimental 
investigations on the viscosity of a gas with laboratory apparatus, tiie 
coefficient of viscosity falls to a low value at low pressure. It may be 
shown, however, that this is due to the size of the vessel becoming com- 
parable with the mean free path of the gas moleooles. As long as the size 
of the vessel is large compared with the mean free path (as is the case for 
the atmosphere covering the earth), tiie coefficient of viscosity should 
remain independent of pressure. The effective drag of one layer of 
gas upon another depends not on the coefficient of viscosity, but on the 
so-called coeffident of kinenuUieal viseority [11] whidr is defined as i}/p. It 
would thus appear that the drag is actually greater in the high atmosphere 
than in the lower atmosphere. The curve in Fig. 3 shows the change of 
kinematical viscosity with height for the assumed distribution of atmoe* 
pheric pressure. ' 

The assumption is therefore justifiable that up to the limit of the outer 
atmosphere within which collision is appreciable, the air molecules partidpate 
in the rotation of tbs earth. A moleonle moving in the fringe region with 
the velodty acquired at the last cdlidon will thus have a component velodty 
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in the direction of rotation of the earth. As a consequenoei the trajectory 
of a molecule shot up radially into the fringe region will have a curvature 



Fio. 3. The effective drag of one 
layer of gaa upon another 
depends on the kinematical 
viscosity 17/p (17— viscosity, p— 
density). The drag is thus 
greater in the higher than in 
the lower regions of the atmos- 
phere. 


opposite to the direction of rotation of the earth ; the longitude at which 
the molecule will return to the atmosphere will be different from that at 
which it left. 


(g) Effect of ioniaation 

It has been mentioned that a neutral particle requires a velocity of 
about 11 km./sec. to overcome the pull of gravity and escape from the earth’s 
atmosphere. We have not considered, however, the possibility of the 
atoms and molecules in the fringe region being ionized by the ultraviolet 
radiation of the sun. The motion and distribution of the particles, if ionized, 
wiU be profoundly influenced by the earth’s magnetic field. The critical 
velocity for escape of an ionized particle and the variation of this velocity 
with latitude may be estimated after the method developed by Stormer [12] 
for calculating the trajectories of charged particles coming from infinity 
towards a magnetic dipole [see Chapter IX]. Stormer’s calculations show 
that there is a space Qy, characterized by a certain value of y, an integration 
constant, within which the charged particles cannot enter. For y<— 1, 
no charged corpuscle can reach the magnetic dipole. For y lying between 
—1 and 0, charged particles from infinity may reach the magnetic dipole. 
There is, however, a toroidal space rou^ the dipole where they cannot 
enter. The meridional curve of this space is given by 


Vyi«+Bm»x -yi ^ .ggj 

sinx 

where yi — — y, 

X — the angle which tiie radios vector makes with the magnetic 
axis Z, 
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r— the radius vector measured in units of length y/ W(HR, where M 
is the magnetic moment of the earth-magnet, H the intensity 
of the field at the point of observation and R the radius 
of curvature of the helical path of the charged particle so 
that HR sss mv/«. 



Fxo. 4. Illustrating how'ihe escape 
of chaiged particles from the 
upper atmosphere is restricted 
by the magnetic field of the 
earth. 


The maximum angular distance xi zone within which the charged 
particles may enter the earth's atmosphere (the earth is regarded as a small 
sphere of radius a placed round the magnetic dipole) is obtained by finding 
the intersection of the toroidal surface with a sphere of radius a. This is 
shown in Pig. 4. Prom Eq. (28) xi given by 

sin xi <= V2ii^ 

whore a is measured in unit of length y/ MjHR. 

Or, since the maximum value of yt is 1 , 

sin Vi as where a is measured in cm. 

(If)* 

The case of charged particles escaping from the earth's atmosphere 
being exactly complementary to that of Stormer’s, we can calculate the 
value of xi giving the zone from which a charged particle having a given 
velocity v can escape from the earth's atmosphere to infinity. Table VI is 
prepar^ following the above methody and shows that the velocity required 
by an ion of atomic oxygen to disentangle itself from the earth's magnetic 
field is much greater them the velocity of escape of a neutral atom. Whereas 
the required velocity for a neutral particle is independent of the latitude, 
that for a charged particle is not so. The critical velocity increases with 
decreasing latitude. The radius a is taken as the distance firom the centre 
of the ea^ to the height of the region of escape. 
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Co-latitude 
(in degrees) 

HR mi'/e 


Velocity of escape 
(cm./see.) 

JM/HB (cm.) 

5*50 

3-34 xlO< 

1*50x1011 

2x10* 

8*30 

l-«7xl0* 

7*09x1010 

10» 

14*80 

1-67 xlO< 

2*24x1010 

10* 

27*20 

1-67 xlC* 

7*09x100 

10» 

54*35 

1-67 xlO» 

2*24x100 

lOM 

90 

4>18xl07 

1*42x100 

2'5xlOM 


It should be noted that in the above calculation, the effect of gravita- 
tional pull on the charged particles has been neglected. If this is taken 
into account then under the combined action of gravitation and terrestrial 
magnetio field the particles would follow more complicated paths and the 
results obtained will be modified [ 13 ]. 









CHAPTER II 


ATMOSPHERIC OSCILLATIONS— TIDES IN THE 
HIGH ATMOSPHERE 

1. INTRODUCTION 

Examination of the chart of daily pressure variation of the atmos- 
phere shows that there are broad sinusoidal fluctuations in 24 hours 
with maxima, one at about 10 o’clock in the morning, and the other 
at the same hour in the evening (Fig. 1). The phase of the oscillation is 
approximately the same at all places at the same hour of the local time ; 
its jnagnitude, from maximum to minimum, is about 2 mm. of mercury, 
that is, the total variation is about 2*6 parts in 1,000. Though small in 
magnitude its world- wide character is so persistent that even two centuries 
ago it did not escape detection by the physicists [1]. For a long time some 



Fzo. 1. Barogram depicting rhythmical diurnal variation of pressure. Two broad 
maxima may be noticed, one at 10 o’clock in the morning and the other at about 
the same hour in the evening. (The barogram ia from Grand Turk lUand, West 
Indies, April 1 to 6, 1912.) 

aspects of the phenomenon had seemed mysterious, and, it is only in recent 
years that their satisfactory explanation has been obtained. Incidentally, 
the explanation has brought out the remarkable fact that the middle and 
the high atmospheres are seats of intense periodic winds having velocities 
approaching or exceeding 200 km. per hour. The wind system is world- 
wide in its character and is caused by the development of tidal forces due 
to the sun and is magnified manyfold by a resonance effect to be presently 
discussed. It extends up to the highest regions of the atmosphere and is 
responsible (besides pressure variations at the ground) for the so-called 
quiet day variation of terrestrial magnetic forces and analogous variations 
in the heights and ionization densities of the ionospheric regions. In the 
present chapter we are concerned mainly with the phenomenon of pressure 
variation. The ionospheric and terrestrial magnetic variations will be 
discussed in appropriate places in Chapters Vi and VII respectively. 
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2. DESCRIPTION OP THE OSCILLATION PHENOMENA: 

HARMONIC ANALYSIS OF THE BAROGRAM 

If the daily pressiue chart, after certain necesaaiy coirectiona, be 
subjected to harmonic analysis it is found that the pressure variation can be 
well represented by a few terms only of the series 

Z'C. sin (nt+a,), 

n 

where t is the time measured from midnight to midnight, so that 1 hour of 
time is equivalent to 16^. The total pressure fluctoation may thus be 
regarded as made up of a few sinusoidal pressure vibrations, the amplitude 
of the nth vibration (7„ sin (n(+a«) being C7«, its period 360/(n.l5) hours and 
its phase a«. Thus n a 1 represents a 24-hourly fluctuation, n es 2 a 
12-hourly fluctuation, and so on. Actual harmonic analysis shows the 
existence of two main periods of 24 and 12 hours, together with two other 
small subsidiary periods of 8 and 6 hours. Fig. 2 depicts the relative phases, 
amplitudes and periods of the two main oscillations — ^the diurnal and the 
semi-diurnal [2]. 



Fxo. 2. Illustrating the dhamal and the semi-diurnal components of the average daily 
barometric variation. (The actual variation is for Wariiington D.C.) (After 
Bennett.) 

(a) Diumal wave 

The diumal wave is well marked and regular over equatorial oceans 
and tropical islands, but has not the same universal character as the semi- 
diurnal wave. It shows considerable variations in magnitude and phase 
in high latitudes, especially according as the country is plane or mountainous. 
For instance, near the equator where it is rather regular, it can be repre- 
sented by Pi ss 0*30 sin (/+0), whereas at Kalvesa on the Hungarian 
plane (47^N.) by 0*36 sin (t-f340'') and at Bozen (about 600 ft. high, 47°N.) 
by 1*38 sin (t+19^), the unit in each case being 1 mm. of mercury. As 
the form shows, it is a progressive wave travelling from east to west round 
the earth with the sun. 

(b) Seml-diiirnal wave 

The more important pressure oscillation is the semi-diurnal one. It 
shows considerable uniformity with regard to amplitude and phase. An 
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important duoaoteiistio this oscillation is that it is resolvable into two 
components with different properties. Accrading to Simpsem [3], the 
entire semi-diurnal pressure wave comprising the two components, is 
ezfNressible as 

Pt - 0*937 sin« $ sin (a-|-164“)-|-0137 ^oob« 3 - sin {2{<-A) +106*} 
“l>s*+Pi», 

where $ is the co-latitude of the place, and A its longitude east of Greenwich; 
the unit, as before, is 1 mm. of mercury. The first component makes the 
maximum contribution to pressure oscillation and is a progressive wave 
(like the diurnal oscillation) travelling round the earth in 12 hours. It has a 
latitude effect represenfbd by sin< 0 law, so that the oscillation disappears 
entirely at the poles. The second component, at any instant of time, is a 
stationary wave of which the nodal circles are given by cos* 3^'' 

north and south of equator. Towards the pole from this circle there is 
maximum pressure at 11-6 hrs.6.M.T., since sin { (2x11*6x16) +106} +1 
and towards equator the pressure is minimum at the same time. It is to be 
noted that in the expression for the time-angle of the standing wave, the 
so-called world time (<— A) is constant over the whole world, t being the 
local time for any place. At any instant therefore, the pressure due to the 
standing wave is same at all points over a parallel of latitude. 

oh 6h lah 



Fzc. 3. niustratiag the progxenive* component of the iemi-diumal pressure wave in 
cylindrical projection. Longitudes have been indicated by local times. The 
lines indicate regions o£ same pressure — ^Isobars. Continuous lines are for 
pressure and broken lines for low pressure. The distanoss between the lines 
correspond to difiference of pressure of 0*1 nun. The waves travel from east to 
west. (After Bartels.) 

The two components are illustrated in Figs. 3 and 4 4nd in cylindrical 
projection. (A circular cylinder is supposed to surround the earth touching 
along the equator, and the points on the earth are projected on this cylinder 
by lines parallel to the equatorial plane and ultimately the cylinder is cut 
along the generating line and laid on the plane of paper.) 
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The formula of Simpson for pressure variation with time and 
geographical location agrees closely with observed data. Other formulae 

Qh 12^ 24^ . 

90 

45* 


£QU. 


45* 

3or 

Eio. 4. lUustrating the standing wave component of the semi-diurnal pressure wave. 
The condition depicted is for the world time 11*5 hrs. After three hours the 
pressure variation will disappear. After 6 hrs. the regions of high and low 
pressures will be reversed. (After Bartels.) 

have also been proposed either on theoretical grounds (for the travelling 
component) or for obtaining better agreement (for the standing wave 
component). Thus, for the standing wave component Wilkes [4] prefers 
the following empirical formula which fits the observed data better, 

(0 07 -0*1 1 cos 0 1 ) sin 2 (e-A) + 0*075 1 cos 0 1 cos 2 (e-A). 

For the amplitude of the travelling wave an expression involving spheri- 
cal harmonics and P4S of the order 2 and degrees 2 and 4 respectively 
has been suggested by Adolf Schmidt [5]. This is more sound from the 
theoretical point of view. The expression of Schmidt is as follows: — 
sin* 0(-988— 573 cos* 0) sin (2^+154°) 

= 1-Q46 (P2*-0-140 P42) sin (2^+164^) 

= sin {(2r+A)+164°} 

where, A » 1-046, B » 0-1464, f = t-\, 

%• — Greenwich time, t — ^local time, A — ^longitude east of Greenwich. 
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Fio. 6. Illustrating seasoxutl varia- 
tion of the semi-diurnal pres- 
sure oscillation for Washington 
(D.C.). (After Chapman.) 
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It is to be mentioned that the semi-diurnal component possesses an 
annual variation which, though small, is fairly regular. This is illustrated in 
Fig. 5, prepared from the records of Washington, D.C. This method of 
depicting the phase and amplitude of the tidal oscillation vector is due to 
Bartels and is called by him harmonic dial. 

Note. Fig. 6 illustrates how spherical harmonic functions (cos $) cos may 
be used to repiesont atmospheric oscillations with nodes distributed over the surface 
of the earth. The representation is for a hemisphere and is in orthogonal projection. 
In (a) oscillations in B corresponding to (cos B) are represented. There are six 

(a) (6) (c) 

Fio. 6. Illustrating how spherical harmonic functions may be used to (represent 
atmospheric oscillations with nodes distributed over the surface of the earth. The 
oscillations are in opposite phases in the black and the white portions. 

nodal lines along which the oscillation amplitude is zero. The oscillations are in 
opposite phases in the black and the white portions. In (c) P^^ cos B cos 6^ is 
represented. Since P^* (cos B) » 1, there are oscillations in ^ only. Here again 
there are six nodal lines, and, as before, the ^-oscillations are in opposite phases 
.in the white and the black segments. In (6) P^* (cos B) cos 4^ is represented. 
There are oscillations in both B and The actual oscillations may be represented 
by the superposition of such spherical harmonic functions with appropriate 
amplitudes and phases. 

Minor wavta: There is also an 8-hourly oscillation of about 0*1 mm. 
amplitude quite regular like the semi-diurnal oscillation. It has opposite 
phases in summer and printer as also in northern and southern hemispheres. 
Besides this an extremely small 6-hourly oscillation is also traceable. 

(c) Air motions 

The pressure distribution shown in Fig. 3 generates world-wide wind 
system as shown in Fig. 7. As will be seen from the figure the magnitude of 
the velocity is small compared to that of irregular winds in the troposphere. 
But, though small, the existence of these tidal winds luu been established 
evmi for the lunar tide which is extremely small [4a]. However, as we 
shall see later there may be wind systems corresponcUng to these in the 
upper atmosphere of considerable velocity which are responsible for the 
weU-known geomagnetic effect — the semi-diurnal variation of the intensity 
oH tire terrestrial magnetic field. It is also possible that the high velocities 
observed of the noctilncent clouds are due to this wind system. 
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The \mid system sliown in Fig. 7 is derived from the expression for the 
semi-diurnal pressure wave as folloiii's; The equations for small atmospheric 


6 ^ 9 * 75 * 

I I i • I I • I I I I • I 



Fio. 7. World-wide wind system pro- 
duced by the progressive pressure 
wave depicted in Fig. 3. The dis- 
tances between the isobars corres- 
pond to 0*2 mm. pressure. The 
lengths of the arrows are proportional 
to the wind velocity according to the 
scale drawn under the figure. (After 
Bartels.) 


motions in the horizontal direction (neglecting vertical motions) by forces 
due to the pressure gradient and the rotation of the earth are, 

= .. .. ( 1 ) 

Po(|+2«.»«co«fl) = -^^^ •• • 

where 

Pq — average air density near ground, 
u — ^velocity component towards south, 

V — ^velocity component towards east, 

cu — angular velocity of rotation of the earth s= 7*29x1 0”*^ 
radian/sec., 
a — ^radius of the earth, 

0 — co-latitude, 

X — ^longitude. 

P ^Po +P\ Po being the average pressure and p' the change due 
to the semi-diurnal pressure wave. 

Now the expression for p* = 0*937 sin* 0 sin {2(ctf<-fA)+164®} 

= A sin {2(ca«+A)-f 164®}, say [page 33]. 

^ {2(«rf+A)+164*} 

^ » 2^ cos {2(a>(+A)+I64*’}. 
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Also 


Po — 


Ppm 


kTn 


Substituting the expressions for dpld$, dp/BX and pp and putting / for 
{kTpjmppam) .BAIBB and g for 2kTpAfmppau) sin 6 in£qs. (1) and (2), we 
have, on integration 


and 




From these expressions of u and v, the wind system depicted in Fig. 7 can be 
determined. It should be remembered that the positive values of u and v 
mean north wind and west wind respectively. It may be noted in the 
dgure that the velocity increases with the increase of latitude. This is an 
effect of the rotation of the earth. If this were not taken into account the 
velocity would have decreased with increasing latitude. For the equatorial 
region, however, the velocity is almost independent of the rotation of the 
earth. 

3. THE PROBLEM OF OSCILLATIONS 


(a) Introduction 

The explanation for the pressure oscillations is to be sought in the 
vibration of the gaseous layer surrounding the globe forming its atmosphere. 
We picture an ocean of air surrounding the globe to a certain uniform depth 
which is in equilibrium due to the gravitational attraction of the earth. 
This system being stable will have, when disturbed, its own peculiar modes of 
vibration, the periods depending on the physical characteristics of the 
atmospheric layer. These are known as free periode of oscillation. In 
addition to this, the atmosphere will also have forced osciUationa if 
it is subjected to periodic disturbances from external causes, such as the 
tidal action of the sun and the moon, and heating by the sui\. According 
to the theory of forced vibration of a dynamical system, the atmosphere in 
such cases will be forced to vibrate in synchronism with the external 
periodic influence. Furilier, if any of such forced oscillations happens to 
possess a period identical with' a free period of oscillalion of the atmosphere, 
then, due to resonance effect, the oscillations will be strengthened to 
very hi^ amplitude, ^niis phenomenon of resonance, though comparatively 
rare for natural S 3 mtems, appears to play an important rdle in atmospheric 
oscillations. 

(A) Diunial oadUations; periodic heating by the etan 

We can form an idea of how the diurnal oscillation is produced by tiie 
heating effect of the sun. The heating and the consequent expansion and 
vertical rise of the air on the sunlit side of the earth on tiie one hand, and 
the simultaneous cooling and fall on the dark side on the other, establish 
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a pressure gradient from the warmer to the cooler side at all levels. This 
pressure gradient tends to produce maximum pressure in the coldest 
and a minimum pressure in the warmest regions. Now since the cold 
and the hot regions are perpetually moving round the earth once every 
24 hours, the pressure gradient described above exists perpetually trying 
to establish an equilibrium and causes the diurnal pressure variation. 

<c) Solar semi-diurnal oscillations 

Solar semidiurnal oscillation is caused partly by the tidal action and 
partly by the heating effect of the sun. According to Chapman [5u], the 
contribution of the thermal action is at least of the same order of magnitude 
as that of the tidal action. The mode of operation of the former is com- 
paratively simple; that of the latter is more complicated and had for a 
long time been a puzzle to the mathematical physicists. 

(i) Effect of solar heating. — ^The temperature variation of the atmosphere 
has, besides the diurnal, a semi-diurnal component. According to Chapman, 
the expression for the semi-diurnal variation of temperature, as based on 
observational data, may be taken as 

sin (2^+80®). 

This semi-diurnal temperature variation produces semi-diurnal pressure 
oscillation which leads it by about 1 35®. The temperature variation is partly 
the cause and partly the effect of the semi-diurnal pressure oscillation. There 
are certain direct causes w'hich tend to produce a temperature variation in the 
atmosphere. This temperature variation gives rise to atmospheric motion. 
* The changes of volume associated with these motions themselves produce 
changes in temperature, and the observed variation of temperature is a. 
kind of resultant of these two less and more direct effects of the solar radiation 
falling upon the earth.’ 

As mentioned above, the phase and amplitude of the observed semi- 
diurnal pressure oscillation are determined by the combination of the 
oscillations due to the semi-diurnal temperature variation and the gravita- 
tional tidal oscillations of same period to be discussed in the following 
sections. 

(ii) Tide-generating forces — tidal oscillations of oceans, — ^The tide- 
generating forces which produce a part of the semi-diurnal pressure oscilla- 
tion are exactly the same as those producing tides in oceans. It will be 
helpful to first recall briefly how these forces are developed. 

Let us consider the lunar tide. The moon and the earth’s centre revolve 
round their common centre of gravity in one month. The centre of gravity 
is situated on the line joining the two centres at the average distances of 
3,000 miles from the earth’s centre and 237,000 miles from the moon’s 
centre. The earth is about 80 times as h(^vy as the moon and they are 
held at their respective distances by the balance of the centrifugal and the 
centripetal forces. The moon in her revolution always presents the same 
face towards the earth and, as such, completes one rotation round her^ 
axis in course of one revolution. The earth, however (if, for the moment 
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we ignore its diurnal rotation) revolves round the common centre of gravity 
without any corresponding rotation. Hence, every part of the earth 
describes its own circle of revolution and is thus subject to equal and parallel 
centrifugal forces. (One can imagine, for instance, a wheel with spokes 
revolving in its own plane with the spokes always remaining parallel to 
themselves.) Nous the total centrifugal force acting on the whole earth 
is just such as to balance the total of the centripetal forces due to the 
moon’s attraction. But though there is balance on the whole, there is not 
balance at every part. This is because, though the centrifugal forces 
acting on the earth are uniformly distributed, being equal and parallel at 
every part of the earth, the moon’s attraction on the earth is not so, being 
greater for the parts nearer than for those remoter. Hence, at the nearer 
parts of the earth the moon’s attraction overbalances the centrifugal forces 
and at the remoter parts the centrifugal forces overbalance the attraction. 
These overbalances are the tide-generating forces. 

Thief magnitude of the tide-generating force at any point at the earth 
varies inversely as the cube of the distance from the moon. For example, 
while the average pull of the moon at any point of the earth (on unit mass), 
is equal to that at its centre, namely GMjD^t that at A , the nearest point, 
is GAf/(2)— a)*, where 0 is the constant of gravitation, M the mass of the 
moon, D the earth-moon distance and a is the radius of the earth. The 
difference of the accelerations is equal to 

GM QM . 2aOM 

since, Z)^a. Hence the moon’s attraction at A overbalances the 
centrifugal force at this point (which is equal to the average pull of the 
moon) by this amount. Similarly at J9, the point farthest away, the 
centrifugal force overbalances the moon’s attraction by the same amount. 

In Fig. 8 the tide-generating forces calculated in the same way, for a 
number of points on the surface of the earth, for a section passing through 
the moon, are depicted. It will be noticed that the force is wholly outwards 
at A and B and wholly inwards at the ends of the diameter at right angles 
to AB. At other points it has a component parallel to the surface. The 
outward and inward forces have merely the effects of slightly decreasing or 
increasing the attractions of gravity at these points. At the other points 
the forces produce horizontal flow of water towards the two antipodal 
points A and B tending to make the surface of the ocean assume the flattened 
form shown in Fig. 10 (assuming the water to be perfectly mobile and free 
to take up that form quietly). In Fig. 9 is depicted how the horizontal 
tide-generating force is distributed on the surface of the earth. At A the 
moon is vertically overhead. At places on the dashed circle the moon is 
on the horizon. P is the north iiole. The line OiO* represents a latitude. 
Since 0\0^ cuts the arrows unsymmetrically, an observer carried along 
0^02 course of the diurnal rotation of the earth observes an unsymmetrical 
rise and fall of water. 
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IfathematioaUy the tidal action on a rotating globe is much more 
o<nnidioated than on a fixed globe. 



FlO. 8. Illustrating the tide-generating forces. The circle is a section of the surface 
of the earth passing through the moon. The forces are outwards at A and B and 
inwards along the diagonal at right angles to AB» At other points the forces 
have horizontal components. These cause horizontal flow of water towards the 
two antipodal points A and B. 



Fro. 9. Illustrating the distribution of the tide-generating forces over the surface 
of the earth. The moon is vertically overhead at A. At places on the dashed 
drdle the moon is on the horizon. P is the north pole. The line 0^02 represents 
a latitude. An observer oarrie4 along OyO^ will experience an unsymmetrioal 
rise and foil of water. (See Fig. 10.) 



FW. 10. Illustrating how as a result of t)io#owof water caused by the tide-generat- 
ing forces depicted in Figs. 8 wok 0, the spbsrfoal mass of water (outer circle 
in continuous line) assumes the flattened form shown by the broken line. 

If the potential of the tidal force of the sun or the moon be calculated, 
it is found to contain three terms. The first term is very slowly variable 
with fortnightly (for moon) and six-monthly (for sun) periods; the two 
•others can be represented by 

A cos t+B cos 2i, 
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in fdiieh A and B involve the latitude of the place and declination of the 
disturhing body (for this latter A and B are alao very slowly varying), and 
t is the hour angle of the disturbing body. The first of these has a period 
of 24 hours for the sun and 1 lunar day for the moon while the second 
has a period of 12 hours for the sun and 1/2 lunar day finr the moon. These 
two tenns are represented in the tidal force and are responsible for the 
diurnal and semi'diumal tides, as they set up forced vibrations of the ocean. 

Tidal waves, also called Umg waves, have the property that the wave* 
Imgtiis are large compared to tiie depth of water. The velocity of long 
waves is independent of the wavelength and is equal to \/ gU, where H is 
the depth of water. 

(iii) Atmospheric tides . — The above considerations of tidal disturbance 
are also applicable to tiie forced oscillatiims of the atmosphere caused by the 
action of the sun and moon. The component of the barometric oscillation 
represented by pi [Sec. 2(a)] evidently involves a diurnal tide. The first 
term p^ in the expression for the semi-dinmal oscillations [Sec.'2(b)] repre- 
senting a 12-honrly wave travelling from east |to west involves the semi- 
diurnal tide. The origin of the second term pj* — representing a stationary 
wave is still obscure. Now, since the sun and the moon both exert tidal 
influence, the semi-diurnal wave should have components of both solar and 
lunar periods, Le., there should be semi-(lunar)diumal and semi-(solar)- 
diurnal waves. But while the solar semi-diurnal component is easily 
recognizable, the lunar semi-diurnal component is so weak that Laplace 
looked for it in vain. It has an amplitude which is only one-sixteenth of 
the solar tide [see Sec. 5]. This raises great difficulty. Since the tide- 
generating force of the disturbing body, as stated before, varies as MjD*, 
the moon on account of its proximity to earth exerts, in spite of its smaller 
mass, a tide-generating force which is nearly 2-5 times as powerful as that 
of the sun. The lunar component of the atmospheric tide ought, therefore, 
to be 2-6 times trtronger than the solar component. Actually however, the 
reverse is the case; the observed amplitude of the solar semi-diurnal oscilla 
tion is about 100 times greater than what it ought to be. This difficulty 
had long stood in the way of the acceptance of the tidal-cum-resonance 
theray, first put forward by Kelvin [6], in which it is assumed that the 
atmosphere has a natural period of free oscillatitm of 12 hours due to which 
the oscillations produced by the feeble tidal forces of the sun are magnified 
hundredfold, ^e resonance theory will now be discussed and it will be 
shown how recent investigations have indicated the way out of the 
difficulty. 

4 . ATMOSPHERIC TIDAL OSCILLATIONS-TA¥LOR-PEKERIS 

THEORY 

As mentioned above, the basic assumption of the resonance theory is 
that tiie atmosphere has a natural period of oscillation of 12 hours. Theory, 
in fact, demands that for a nearly hundredfold magnification of the tidal 
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oBcillation the free period should be within 6 minutes of 12 hours. It is 
therefore first necessary to enquire if the atmosphere has a mode of free 
oscillation of this period. Now, on the assumption of an isothermal or 
adiabatic temperature distribution, the period of free oscillation of the 
atmosphere can be computed from the speed of explosion in air. Such 
computations have been made from the propagation of pressure waves 
sent out by the Karakatau eruption in 1883 [8, 9] when the waves cut 
round the earth several times (Fig. 11) and also from the waves produced 
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Fio. 11. Passage of the pressure wave caused by the Krakatau eruption. Figs. B 
and A depict the passage from Krakatau to the antipodes; Figs. C and Z>, the 
passage from the antipodes back to Krakatau. The figures along the abscissa 
indicate the hours after the explosion. The arrow A indicates the strong 
asymmetry in the curves of equal pressure which has developed after it has traveled 
to the antipodes and back. This is presumably due to the effect of world-wide 
air currents. (After Strachey.) 

by the fall of the Great Siberian Meteor of June 30, 1908 [10]. For the 
former the speed of the so-called long waves produced in the ocean of air 
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was found to be 318*8 m./sec. For the latter, not determined with great 
accuracy, it was found to be 318 m./sec. These speeds correspond to a 
period of about 10*5 hours for the free oscillations. It is clear that as this 
period does not lie within the narrow' margin of 6 minutes of 12 hours, the 
corresponding mode of oscillations cannot contribute to the tidal resonance 
phenomena as envisaged by Kelvin. (It is interesting to note in this 
connection that the total energy of the atmospheric w'ave excited by the 
Krakatau eruption is estimated by Pekeris to be 10^ ergs. Compared to 
this the energy of explosion of the atom bomb over Nagasaki in 1945 was 
equivalent to that of 20,000 tons of T.N.T. which is 10*^ ergs. It is not 
known what fraction of this energy excited long wave of the type produced 
by the Krakatau eruption.) 

New' light w’as thrown on the problem of solar semi-diurnal oscillations 
by the w ork of Taylor [11] followed by that of Pekeris [12] when it was 
shown that it is only in the case of isothermal and adiabatic equilibrium (as 
assumed by previous workers) that the atmosphere has only one mode of 
oscillation with one free period. For an arbitrary distribution of temperature 
there are, in genera], more than one mode of oscillation and more than one 
free period. By assuming a temperature distribution of the typo 
ABCDEFG in Fig. 12 Pekeris showed that there is a mode of oscillation 



Fio. 12. Idealized temperature distri- 
bution with height (based on observa- 
tions). For this type of temperature 
distribution the atmosphere has a 
mode of oscillation with a period of 
12 solar hours. (After Wilkes.) 


with a node at about 30 km. height and that the period of oscillations for 
this mode is 12 hours, namely, that required by the resonance theory. (In 
the distribution actually assumed by Pekeris the points D'and E coincided.) 
The grounds for assuming this distribution wrill be discussed presently. We 
will now give a brief account of the Taylor-Pekeris theory and its implica- 
tions after Weekes and Wilkes [13]. (See also, Wilkes, OaeiXUUions of the 
EartVa Atmosphere^ Cambridge University Press, 1949.) 
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The Mitirgy which is introduced periodically into the atmosphere by the 
tide-raising forces (and also, *in the case of the sun, by the thermal force) 
is generated mainly near the surface of the earth where the density of the 
air is greatest. This energy moves outwards as a sort of spherical wave 
motion. The motion is, however, more complicated than that of the sound 
wave, there being both horizontal and vertical motions of air. It can be 
shown that these waves may be regarded as plane waves propagated in a 
medium with a refractive index given by 




1 l(dH Y-1 



where x( — ^ dz/H) is a function of the height s, y is the ratio of specific 
heats and A is a constant and may be regarded as an equivalent depth of 
the atmosphere. The value of 'h depends both upon the mode and on the 
period of oscillation. For a particular mode the period decreases as h 
increases. Simple inspection of the expression for shows that ft* can be 
negative (remembering that H = kTlmg) if the temperature is sufficiently 
low, or if there is a negative temperature gradient, or, with a combination of 
these two effects. 



by the pieaence of a region of low temperature in the upper atmosphere. (After 
WilkeB.) 


Now consider a h 3 rpothetioal atmo^here with temperature distribution 
as shown on the left in Fig. 13. There is a rsgion of unifiram temperature 
on which rests a region of lower temperature Tj. If 7i is sufficiently low 
then, for a given value of h, n* may be negative. Waves, as discussed 
above, of periods corresponding to this and all lower values of h will then be 
reflected back at the discontinuity. The tidal energy producing these waves 
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will therefore not be able to pass beyond this level which will act as a barrier. 
The energy will be ‘trapped’ as it were between this level and the ground 
where the energy is introduced. It is thus clear that if the height of the 
region T% is suitably adjusted in relation to the period then free oscillations 
as shown in (a) will occur. In analogy with oscillations in an organ pipe, 
oscillations of types (b) and (c) with one and two nodes respectively may 
also be expected to occur. The periods of these different modes are, how- 
ever, not simply related to one another as in an organ pipe. Further, 
unlike oscillations in an organ pipe, the trapped oscillations cannot occur for 
all higher orders with increasing number of nodes. This is because as the 
number of nodes increases, the value of h decreases and for these lower 
values of h the barrier becomes transparent. In Fig. 13 for example, 
oscillations with one, two or three nodes may occur, but, ultimately, as the 
value of h becomes sufficiently decreased, the barrier ceaaes to be a barrier 
and the series of possible values of h comes to an end. 

In the above example we have assumed that the region of low tempera- 
ture (i.e., the region of refractive index zero or hnaginary) extends up to 
infinity. For such case there is total refiection of the waves. If, however, 
the region of low temperature is of finite thickness, so that above and below 
it the refractive index is positive, then the barrier will be only partially 
reflecting and energy will leak through it. The transparency of the barrier 
depends upon its thickness. For large thickness, the barrier is only slightly 
transparent and resonance phenomena w^ill occur; for small thickness the 
barrier may be almost wholly transparent and resonance may be so damped 
as to be unobservable. 

In considering resonance we have neglected losses by degradation of 
the oscillation energy into random energy through the effects of viscosity 
and thermal conduction. This is justifiable for the lower and the middle 
atmosphere. But in the higher regions, in the ionosphere, for example, 
these losses become important. Atmospheric oscillation energy as may 
ultimately find its way to the very high regions of the atmosphei^ is absorbed 
there. It is, however, to be noted that insofar as damping of osciUations 
in the trapped region is concerned, this may be determined simply firom a 
consideration of the thickness, i.e., leakiness of the barrier. 

Let us now consider the temperature distribution curve ABCDEFO 
in Fig. 12. The* distribution is an idealized one — Abased on actual 
observations. The drop in temperature in the troposphere (0-10 km.) 
and the constant temperature above (10-30 km.) are well known from 
sounding balloon observations. The rise in temperature CD in the region 
(30-50 km.) is inferred firom abnormal sound propagation experiments (see 
Chapter IIIA). The gradient is taken as S-S^Kperkm. Th^ rise is followed 
by a fall EF up to 78 km. with the temperature gradient taken as per 
km. The temperature is then assumed to remain constant. A cold region 
above 78 km. is inferred from the presence of noctilucent clouds in the 
region and also from meteor data. Direct evidence of a drop in temperature 
in this region is now furnished by V-2 rocket experiments. 
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Calculations show that for this type of temperature distribution, for a 
value of h slightly greater than 10 km., there exists a mode of oscillation 
with period of 10'5 hours. This evidently is the mode excited by tiie 
Krakatau eruption and by the fall of the Great Siberian Meteor, h , calculated 
from the speed of the long wave (318*8 m./sec.) produced by the eruption, 
was found to have the value 10*4 km., that is, somewhat greater than 10 km. 
its deduced by Pekeris. For this mode of oscillation the cold top barrier 
consists of not only of the low temperature region in the stratosphere (CB) 
but also the region of falling temperature in the troposphere (AB), In fact, 
the trapping of energy begins right from the surface of the earth where the 
energy is introduced. Calculation further shows that for this barrier no 
other higher mode of free oscillation is possible, because the barrier becomes 
transparent for such modes. 

It is, however, found that for the temperature distribution as in Fig. 12, 
the cold top EFO above the hot layer CDE acts as a second barrier, and* 
that for this case, a mode of oscillation with h less .than 10*4 km. is possible. 
In fact, there is a mode with a horizontal nodal surface at 30 km. for which 
h =s 7*9 km. The time period of this mode is 12 hours. This, obviously, is 
the much sought for oscillation of 12 hour period which is magnified by 
the semi-diurnal solar tidal force. 

It is to be noted that for this second barrier, oscillations with no node 
are not possible, because for such oscillations, the lower stratosphere acts as 
barrier and energy introduced near the ground cannot leak through to the 
upper regions. 

The velocity of the air particles from ground level up to 30 km. is small 
and nearly constant. At the nodal surface at 30 km. the velocity and pres- 
sure variations vanish. Above and below this level the oscillations are in 
opposite phases. The velocity above now^ rapidly increases with height 
and at 100 km. level (where it is nearly horizontal) it is about 200 times the 
velocity below 30 km. These results are depicted in Fig. 14 after Pekeris. 

It should be mentioned that the action of the second barrier is due 
partly to the region of falling temperature EF and partly to the isothermal 
r^ion FO, If it is assumed that the temperature does not rise again, the 
barrier will act as a perfect barrier. However, we know that the tempera- 
ture above the isothermal region FG rises again due to absorption by oxygen 
gas (see Chapter XI). The barrier consisting partly of EF and partly of FG 
has thus a finite width and its effectiveness depends on the total effective 
wridth. Keeping EF the same, if FG is assumed to be 28 km. thick, then it 
is found that for h s 7*9 km. amplification of nearly 150 is obtained over the 
equilibrium tide. 

It is particularly to be noted that the assumed temperature distribution 
ABCDEFO (Fig. 12), for which oscillations of a 12 hour period (with a nodal 
surface at 30 km.) exist is not at all critical [14]. It may be varied over a 
considerable range without much change in the value of the period. For 
example, it is found that keeping the gradients of the rising {CD) and 
falling {EF) temperatures the same, if the distribution with height is 
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altered by altering the height of ED^ keeping E always on the dotted cunre^ 
the same values of A, namely 7*9 km. and 10-4 km., are obtained. The 

Km 



Fio. 14, lUustFsting how the tidal velocities increase with height with respect to those 
at ground. Curve C^(l) for 10-6-hourly mode and curve (7(2) for the twelve- 
hourly mode. (After Fekeris.) 

position of the dotted curve, of course, depends on the assumed temperature 
gradient. If, for instance, the rising portion CD is taken to start 
from 35 km., instead firom 30 km., the dotted curve is shifted down parallel 
to that shown in the figure by 4 km. It is further found that the mode 
with h =s 7*9 km. (i.e., the 12 hour period of oscillation) is very little altered 
even if the temperature of the stratosphere (BC) is altered by dzlO'^C. 

5. LUNAR SEMI-DIURNAL TIDAL OSCILLATIONS 

The lunar semi-diurnal tidal osdUations, as already mentioned, are of 
very small amplitude, being only about of that of solar origin. Its 
determination is a difficult task particularly at temperate latitudes where 
the amplitude is extremely small, about a hundredth of a millimetre. In 
fact, many investigators among whom were famous men like Laplace and 
Airy, failed to detect it. The first successful determination of lunar tidal 
effect was made by Lefroy [16] at St. Helena in 1842, and later by Sabine 
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in 1847 [15]. Lefiroy’s success wae principally due to his working with 
tropical data where the variations are comparatively larger. Lunar tidal 
oscillation in higher latitudes was first determined successfully by Chapman 
in 1918 with Greenwich data [16]. Chapman included in his analysis data 
of only the days on which the barometric fluctuation was less than 0*1 inch, 
and thus reduced greatly the random variations. 'His result showed that 
the amplitude at Greenwich was about 0*01 mm. This is a remarkable 
achievement when it is remembered that the amplitude of the tidal oscillation 
is less than the error of reading the barographic record I That a systematic 
variation of this magnitude can be determined provides an interesting 
illustration of the theory of random errors. The lunar tide is now known 
for 54 stations (including three in the tropics) mainly through the efforts of 
Chapman and his colleagues [16, 17, 18, 19]. 

The lunar tidal oscillations possess many interesting features. The 
amplitude is a maximum near the equator and generally decreases at higher 
latitudes. If the phases of the oscillations are averaged over several whole 
years, it is found that the maximum barometric pressure is attained nearly, 
though not quite, at the time of local lunar transit, i.e., when the moon 
crosses the meridian upper or lower. The difference of the time may 
amount to more than two hours. A remarkable and as yet unexplained 
characteristic of this phenomenon is that it undergoes a very marked annual 


15. UluBtrating the variation through* 
out the year of the amplitude and phase 
of the tidal vector at Taihoku (Formosa, 
25^N.). (After Chapman.) 


variation [16, 20]. A typical example is shown in Fig. 15 for Taihoku 
(Formosa, 25®N.) for the jieriod 1897-1932. The figures along the ai-o 
indicate the lunar hour, 12 hour corresponding to the time of local lunar 
transit. The length OY represents the average pressure while its direction 
gives the average hour of high tide. The circle round T represents the 
probable error of the position of the end-point of the tidal vector 0 Y. J , £, 
and D similarly indicate the positions and probable errors of the tidal vector 
in three different seasons of the year, J for the four months May-August 
round the June solstice, D for the four months November-February round 
the December solstice, E for the remaining months (equinoctial). The 
figure clearly shows the seasonal variation regarding both the strength and 
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the phase of the ‘tidal vector*. As mentioned before the origin of this 
remarkable change is still unknown. It may further be mentioned that the 
change is not, what may be called, a seasonal one, i.e., it is not opposite in 
the two hemispheres. Since the tide generating force of the moon does 
not undergo any important annual change it follows that any large annual 
variation of the tide must be caused by an annual variation in the atmosphere 
which in its turn would depend on the season. That this is not so seems to 
imply that the atmospheric changes which cause the lunar atmospheric tide 
are not perceptible on the surface of the earth. 

The lunar semi-diurnal period is off the resonance period of 12 hours by 
a significant amount. Hence it is easy to understand that the amplitude 
of the lunar tidal oscillation would be much smaller than the solar 
oscillation. If it is assumed that both the lunar and the solar fidal forces 
excite the same Taylor-Pekeris mode of oscillation then the variations of the 
amplitude and the phase of the two tidal oscillations with height may bo 
compared. 



(«) W 

Fxo. 16 (a), (6). Illustrating how the amplitudes of the lunar and solar semi-diurnal 
pressure oscillations vary with height assuming the same mode of oscillation 
for both. Dashed-curve — ^lunar oscillation, solid-line curve— solar oscillation. 
(After Wilkes.) 

In Figs. 16(a) and (6) these variations are depicted, the dotted curves 
referring to lunar oscillation and the solid curves to the solar. It will be 
noticed that the two curves run nearly parallel to one another. The positions 
of the nodes in the amplitude curves are, as expected, different on account 
of the difference in the periods. It will also be noticed that the ratio of the 
amplitudes of the solar and the lunar variations in the upper regions is smaller 
than at the ground. Fig. 16(b) shows how the oscillations in the higher 
regions differ in phase by 180° from that at the ground. Both these results 
are verified from the comparison of the pressure oscillation at the ground 
with the solar and lunar quiet day magnetic variations which have their 
4 
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origin in the solar and lunar tidal oscillations in the ionized region of the 
upper atmosphere, (See Chapter VII.) 

Idention may be made of two other lunar tidal effects. 

As the tide-raising force varies inversely as the cube of the distance and, 
as the distance of the moon from the earth is comparatively small, variation 
in lunar tide with the change of the lunar distance may be expected. (The 
earth-moon distance varies between 221,000 and 252,000 miles.) Lefroy 
looked for this effect in 1847 and found that though some stations showed 
the effect of the right order others did not. The matter requires further 
investigation. 

The compressions and rarefactions of the atmosphere associated with 
the tidal oscillations are adiabatic as in the case of sound waves. This, 
though it &ay seem surprising because of the long period of tidal oscillations, 
is due to the fact that the tidal oscillations are on such a vast worldwide 
scale that heat transfer from one part to another is negligible. A small 
temperature variation accompanying the tidal oscillations is therefore to be 
expected particularly for the lunar tide, because, unlike for the solar tide, 
the temperature variation is not masked by any heating effect. If Pq and 
Tq fi'^e the static pressure and temperature, and P and T the semi-diurnal 
pressure and temperature due to tidal oscillation, then it is easily shown 
that 

P_y-1 ^ 

P~ y Po’ 

where y is the ratio of the specific heats. The existence of the temperature 
variation has been demonstrated by Chapman by analysis of 2-hourly data 
at Batavia for the period 1866 to 1928 [17]. His results are depicted in 



Fig. 17. Illustrating semi-diumal temperature 
variations of the air temperature caused by 
lunar tidal 08 cillation^. Point C is the theo- 
retically computed point. (After Chapman.) 


the harmonic dial Fig. 17. It is seen that the predicted position of the 
end-point of the temperature tidal vector lies within the limits of statistical 
expectation. 



CHAPTER III 


TEMPERATURE AND DENSITY DISTRIBUTION IN THE 
MIDDLE ATMOSPHERE 

There are two useful indirect methods of determining the temperature 
and density distribution in the middle atmosphere. These are, studies of 
the abnormal propagation of sound waves and the meteoric phenomena. 
The present chapter is therefore divided into two sub-chapters one on each of 
the subjects. It is to be mentioned that meteoric phenomena also include 
the ionization produced along the meteor trails. Study of this aspect of 
meteoric phenomena will be taken up in Sec. 5 of the second part of this 
Chapter and also partly in Chapter VI on ionosphere. 

IIIA— ANOMALOUS PROPAGATION OF SOUND 
1. INTRODUCTION 

It has been known for a long time that beyond the usual zone of 
audibility — 60 km. to 80 km. — surrounding an explosion, there exists a 
second zone of audibility separated from the first by a zone of silence [1]. 
During the two Great Wars it was noticed by many people that gun-fire 
could be heard at distances ranging from 150-400 km., though persons 
nearer to the battlefront could not hear the sound [2]. 

Fig. 1 depicts the silent and the audible zones for an explosion which 
occurred at Oppau in Germany on September 21, 1921. It will be noticed 
that while sound was heard directly up to a distance of 100 km. surrounding 
the centre of explosion, the region between 100 and 200 km. was practically 
a zone of no audibility. There were a few points where sound was heard in 
this zone; but the majority of observers did not notice anything. Beyond 
200 km. the sound was heard by practically all observers in the east and 
south. 

The obvious explanation of this curious phenomenon is that the sound 
rays proceeding upwards in an oblique direction skip the silent zone and 
come back to the earth, being bent down by some process in the upj)er 
atmosphere. Regarding the nature of this process various suggestions 
have been put forward from time to time. Of these, the one that is univer- 
sally accepted at present is that the bending is due to increased velocity 
of sound waves caused by a gradient of rising temperature in the region 
above 40 km. A critical study of this anomalous propagation phenomenon 
provides a method of estimating the temperature of the region of middle 
atmosphere (35 to 60 km.). The temperature-rise is due to absorption of 
solar radiation by atmospheric ozone [see Chapter IV]. Before discussing 
this hypothesis it would be useful to describe briefly two other possible 
explanations of the anomalous propagation phenomenon and to show how 
they fail. 
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Wind hypothfidis , — It has been sii^ested that the bending may be due 
to a velocity gradient of wind at liigh altitudes. Such a gradient (velocity 



Fio. 1. Zones of audibility and of silence for the explosion at Oppau, Germany » on 
September 21, 1921. The black dote represent places where the sound was heard. 
The circles represent the positions of observers who did not hear the explosion 
Towards east and south, there is a zone of audibility of roughly 100 km. extent. 
The zone 100 to 200 km. is a zone of silence. Beyond 200 km. there is again 
a zone of audibility. (After Quervain.) 


increasing upwards) will cause the direction of propagation of the weaves — 
going upwards obliquely in the windward side — ^to bend down gradually. 
The wind hypothesis, however, does not explain all the observed features of 
the anomalous propagation phenomena. The audible and the silent zones, 
for instance, are roughly circular in shape indicating that the anomalous 
sound propagation occurs in all directions round the source. But according 
to the wind hypothesis the abnormal propagation should take place only 
in the direction in which the velocity has a component. Again, according to 
this hypothesis the abnormal propagation would be observed on windy 
days only; actually, however, it is observed equally on windy and on quiet 
days. Finally, though there are comparatively frequent changes of wind 
velocity at high altitudes, no corresponding changes of the inner radius of 
the abnormal audibility zones have been observed. 
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Possible existence of lighter gases in the middle atmosphere . — The velocity 
of sound being inversely proportional to ^/m (see Eq. (1) ), it is 
evident that a preponderance of lighter gases like hydrogen and/or 
helium firom above, say, 30 to 40 km. would cause an increase in sound 
velocity in the middle atmosphere, leading to the anomalous propagation 
phenomena. The velocity of sound at such heights should then be higher 
than at the ground in the ratio of \/ ^(air)/^(iiffht ^as)* Recent investiga- 
tions show, however, that the atmospheric constituents up to about 80 km. 
are the same as near the ground and exist practically in the same pro- 
portion. (Ozone is present in the middle atmosphere but its amount is such 
and it is spread over such a large region (from 15 to 45 km.) that the average 
molecular density is very little affected by it.) It is thus highly improbable 
that the increased velocity of sound in the upper regions should be due 
to a decrease of m. There is a possibility of the increase of velocity 
due to an increase of y. Since, however, the constituents and the pro- 
portions are same up to 80 km., the value of y must necessarily be same 
throughout. 

Temperatsire inversion . — It may, therefore, be concluded that the only 
possible explanation of the existence of zones of abnormal audibility is that 
there is a temperature inversion somewhere above the stratosphere. Such a 
hypothesis of temperature inversion has been put forward from time to time 
by various investigators [1]; but it is duo to P. J. W. Whipple of England 
[2] that a complete explanation of the phenomenon has been developed on 
the basis of this hypothesis. 

The most plausible cause of temperature inversion is absorption of solar 
ultraviolet rays by the ozone in the middle atmosphere-. Gowan [3], by 
assuming the ozone distribution as that obtained by the ‘Umkehr’ method 
[Chapter IV], has calculated the probable temperature rise in the middle 
atmosphere when the ozone is mixed with water vapour in various propor- 
tions. His calculations show that, in general, there is a rise of temperature 
due to absorption of solar rays in the region where sound waves are reflected. 
These points are discussed in detail in Chapter IV. 

2. PROPAGATION OP ENERGY OF SOUND WAVES IN 
THE UPPER ATMOSPHERE 

Two questions naturally arise in connection with the propagation of 
sound waves in the upper atmosphere: 

(i) How will the propagation of energy be affected when the medium 

becomes more and more rarefied % In other words, how will 
the amplitude and pressure of sound wave vary as it proceeds 
to higher and higher regions ? * 

(ii) Hew will the direction of the rays be modified by variations of 

air currents and temperature ? 

In regard to the propagation of energy we may distinguish two cases: 
(a) The case of propagation in the stratosphere where the density decreases 
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exponentially but the temperature remains constant, and (b) the case of 
propagation in the troposphere where, besides the decrease of density, the 
temperature also decreases linearly with height. ^ 


(a) Propagation in the stratosphere 

In a medium of density p (or pressure p) ax)d^t temperature T the 
velocity of sound is given by the well-known relation 



where k, the Boltzmann constant, is 1-372x10*1^ erg. deg.*i, m is the 
mean molecular mass of the constituents of the medium and y is the 
ratio of specific heats for air. 

The distributions of pressure and density in an atmosphere which 
is in isothermal equilibrium are given by the relations 


and 







v* 


,h 



-0h 

pss PqC , 


(2) 


where Po denote the values at zero level and 9 the barometric constant 
is equal to mgjkT gyfy^, v being the velocity of sound in the region. 

Consider the propagation of a plane wave in such an atmosphere, 
vertically upwards or doyrnwards, and suppose the amplitude of vibration 
to be small. Let h be the height of an elementary volume in the state 
of rest. At any time t, when the wave is progressing, let its height be 
( is thus a function of h and i. Similarly, the pressure p mid density p can be 
expressed as functions of h and t; p{(, t) is thus the density of a volume 
element at height {(A, t) at the time it was of density p at the time of 
rest when it was at the position h. 

Consider now a small element of density p and of unit cross-section 
and thickness dh lying between h and h -t-dA. This element, when disturbed 
by the passage of a sound wave, will lie between { and C+{dCldh) dh and its 
density will be changed to p. Therefore 



The force acting on the volume element is I’ in the upward direction and 
P +{^Pl^^) dA +pgdh in the downward direction. The equation of motion is 
thus 
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Further, the compiesaiona and rarefactions produced by the sound waves 
are adiabatic; the variations of pressure and density are therefore given 
by 

P _ P 

(PV~W 


or 


P'' 


Substituting the values of i ~ I and p we have 


f 




-y 


Differentiating 
dh 


.dP:_ 


Substituting the values of ^ in Eq. (3) and also the vaiues of 0 and v from 

oh 


Eqs. (1) and (2) we get the differential equation for wave motion 

art (dij aA*‘**^r (d/tj } 

For vibration of small amplitudes 


W 


{(A, t) = A+((A, t). 


Eq. (4) therefore becomes 


?!l+„Lf = o 

91 ® dht^^dh 
Assuming ^ to be simple harmonic 

f oce^*"^ , where J == \/ — 1, 

-*|g-wg+.»f=o. 


(6) 


we obtain 


or 


or 


. . . 27TV 


To solve this equation, put $ = The value of n is then given by 

n = (a±V^-W)/2. 
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SO that 


M 


»h 

Real part of ^ oos (6) 

irhere C is a constant, 

and K, 

From Eq. (6) it is seen that the amplitude of vibraiion of air particles 
increases with height. It is also seen that the wave velocity is not quite 
independent of wavelength. There is slight dispersion in the isothermal 
region. 

Now, the flow of energy E per second per unit area is the product of 
the velocity of sound v and the average energy density over a complete 
period and is given by 

E = max V®. 

Since f where fo is the value of i at zero-level, p = 
and V at any height in the stratosphere is approximately equal to Vq at the 
base, we have 

E = iVoPofomax*'** 


Thus the rate of energy propagation remains constant throughout and 
is equal to that at the base. 


(&) Propagation in the troposphere 

The troposphere is approximately in adiabatic equilibrium. We have 
from Chapter I, Sec. 3(c), the relation for such an atmosphere 

^ (p'- 

Or, since the temperature at any height is equal to py~ 

Hence, 

where Vq = ^ the velocity of sound at the surface of the earth. 


Putting P = g. 


Tm.To{l-ph). 


Further, we have the relation 
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where p and po sre the densities at the heights where the temperatures are 
T and Tq respectively. 

The equation of wave motion in the tropoqthere can be obtained 
fiom Eq. (5) as 

di 


Assuming foe ^ as before, we have 




dA 




0 . 


(7) 


(8) 


To solve this equation, we write it out in the standard form. By 
making the following substitutions in Eq. (8), 

T = (l-i8A), 

S =y/(y— 1), 

A = 2w/Ao ; Aq being wavelength at the sur- 
face of the earth, 

» = 8-l, 

* 1 = m 


we get after simplification 


ar*'*’ T dr T~ 


(») 


Putting i = <o being a function of r and x == 2Ai \/ r, Eq. (9) takes 

the well-known form of Bessel’s equation: 


3*<o 




For large values of x the solution is given by 

<o^CQejxfVx. 

where (7 is a constant, 
and Q 


{‘+ri 


- 4 n 2 (l- 4 n 2 )( 32 - 4 Ti*) 

1.2. (Six*) 




Or Q Ss 1, if the higher terms of the series which are small compared to 
unity are neglected. 

Hence 

ei{r<+2fc, {1-ph)*} 

^ ^ (1 

^ (&)* [ ’^■^7 

Real part of f = .. (10) 

(1-J8A)1 

since (a+i) is approximately equal to 3. 

Itom (10) we find that tile amplitvde of vibration of air particUa, 
as in the case of the stratosphere, inereaaea os A inoreaaea, i.e., as we ascend 
higher up in the atmosphere. 
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We can now oaloolate the amount of energy E flowing per second per 
unit area at a height h. 

We have E s auz 

Making the substitntions 

1 

e = «o(l -J8k)* ; p » Po{l -phf~ ^ and f . 

where {g 4 i^he value of f at the surface of the earth, we obtain 


E = jVoPofoBUx 


V* [l-j8A] 



Substituting the value of y we finally g»t E = ivoPo(^ „„ which is 
equal to the amount of energy flowing per second across unit area at the 
surface of the earth (& =s 0). 

The preceding analysis shows that though the atmosphere becomes rarer 
as one ascends in the troposphere or in the stratoq>here, the amount of 
energy propagated by a plane sound wave remains constant throughout 
and is equal to that at the base of the atmosphere. This is because the 
effect of decrease of density upwards is exactly compensated by the increase' 
of amplitude of oscillations. The propagation of energy thus proceeds 
exactly in the same way as in the case of a homogeneous medium. 


(c) Limiting height of sound wave propagation : Damping due 
to viscosity and heat conduction 

The remarks made in the last paragraph of the preceding section seem 
to imply that plane sound waves would proceed -with undiminished intensity 
(ie., cany constant amount of energy) to any height of the atmosphere, 
howsoever rarefied it might be. Actually, however, this is not so. The 
waves, as they proceed upwards, are 'weakened gradually by the damping 
actions of viscosity and heat conduction, the effect due to the latter increasing 
rapidly as the length of the mean free path of the air particles approaches 
the length of the sound waves. On account of this, 'waves of shorter length 
are damped out at much lower heights than waves of greater, length. We 
now proceed to discuss these effects after Schrddinger [4]. 

Up to the tropopause, the mean free path of the molecules is com- 
paratively small so that the damping effect is negligible. But, at heights 
much above the troposphere this is no longer the case. Consider the region 
where the wavelength is of the same order as the mean free path (the 
maximum wavelength of so'und is about 30 m., and the mean free path of 
air molecules at height 140 km. above ground is of the order of 10 m.). In 
such a region, since the thermal velocity of 'the molecules is of the same 
order as the velocity of sound 'wa'ves, considerable number of molecules 
will move out, during the period of one oscillation from the region of com- 
pression to that of rarefaction (and vice vena) between which there are large 
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temperature and preesnie differenoea. The effect of motion of these 
moleenles tnll therefore be to equalize the tempmature and the pressure 
differences and to effectlvdy check the progress of the wave by dit^pating 
its energy to thermal energy. This effect increases as the* sound waves 
proceed to the more rarefied part of the atmosphere. If JT be the 
damping in travendng the path A, then according to Schrddinger K is 
given by 

jr- r4w*(y-l) 16w*i7l A 

L y •• •• 

where q — ^thermometric conductivity, 

1 ] — coefficient of viscosity, 
p — density of air, 

V — sound velocity, 

A — ^wavelength of sound. 

.The experimental values at S.T.P. are 
q -= 0-605 Cl 
i}/p = 0-286 Cl 

where C — root mean square velocity of molecules a 
and 2 — ^mean free path of the molecules 

= 2o (= 10~* cm.) being the mean free path at atmospheric 
pressure and $ = mgIkT. 

Hence by substituting these values in (11) we get 

a: =-30-1^ (12) 



Fio. 2. Illustrating the heights above the ground at which sound waves of difi'erent 
lengths suffer a fall of intensity by exp K (b 0*99, 0*9, 0*5, etc.) in traversing a 
length of path equal to 1 km. The curves ^ow that longer waves can go higher 
up than shorter ones. The crowding of the curves in the upper part of the figure 
indicates that once damping becomes marked, it increases rapidly with height. 
The fhll line curves are for the temperature 0*C. The two broken line curves 
are for a lower temperature, — 45*C. (After Schrddinger.) 
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If we pat h SB 10* om. s= 1 km., thmi firom (12) we get the height A] ahove 
gioand at whidi wavee of length A euffetr a fall of intensitj by e' in traTers* 
ing a path Imigth 1 km. 

Patting for the valaea 0*99, 0*9, 0*6, etc., SohrOdinger obtained the cnnres 
given in Pig. 2. An inspeotion of the carves shows that longer waves can 
go hij^er np than the shorter ones. At high altitndes of the order of 
80 km. even these longer waves are attenuated greatly. If the temperatore 
is lower, the attention is still greater. 

3. PATH OF A SOUND RAY IN THE ATMOSPHERE 
(a) Effect of temperature gradient 

The path of a sound ray can now be traced when, as a result of 
tetaperature gradient, the refhMstive index changes from one stratum to 
another. 

Consider the simple case when there is no horizontal gradient of 
temperatore. This, though not strictly true in practice, is approximately 
so; the vertical gradient is always much steeper than the horizontal one, 
even when such a gradient exists. The sound path under this simplifying 
assumption is representable by a curve lying in vertical plane instead of 
by a more complicated space curve. If the atmosphere is divided into 
isothermal layers, the sound velocity in a particular layer may be taken as 
constant. Let vj, vg, V 3 , etc. be the velocities and »i, t’t, «•, etc. the angles 
of incidence and refraction as shown in Pig. 3. Item the laws of refraction 

Vj sin! t'l sin <2 

Vf ' sin *2 ’ Vs ' sin »3 ‘ 



Fro. 3. niofltroting how the path of a sound lay can be tiaoed when, as a result of 
tempantun gradient, the refractive index changes from one stratum to another. 
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These equations can also be written as 

^ 

sin ii sin f 2 


constant, 


or, ■ s ■ SB constant, 

cos ei cos S 2 

when expressed in terms of the emergence angles, complementary to ti 
f 2 » etc. 

In the troposphere there is a fall of temperature with height and, as a 
consequence, the velocity falls continuously as the wave ascends. All rays, 
with the exception of the strictly vertical ones, follow therefore upwardly 
curved paths. 

Consider now a region where the temperature instead of decreasing 
increases upwards. In such a region the ray is more and more bent away 
from the normal so that the angle of incidence is gradually increased until 
the ray becomes incident on a layer at the critical angle. The phenomenon 
of total reflection then occurs and the ray follows an exactly symmetrical 
path downward and reaches the earth. The fact that sound reflections occur 
from higher level shows that there might be such a region of positive 
temperature gradient above the stratosphere — ^the region of constant 
temperature. 

The total horizontal distance traversed by the ray, the time taken to 
travel from the source to the point of observation and the temperature at 
the highest point of the trajectoiy in a region of rising temperature are 
easily obtained as follows. 

For an element of ray path ds (Fig. 3), 


dh 


dx 


hence 

Therefore 


'j’ta Bine, -T- s= cos c ; 

da ^ da 

dx 

JJ-OO... 




cot edh 


and the total horizontal distance »= 2 I cot edh, 


( 

w A 


(13) 


where — represents the height reached by the ray. 

The time taken by the sound to travel £rom the source to the point of 
observation is given by 


r as 2 I defv 
’o 


1 . 

/: 


( 14 ) 


1 2 I dh/(F cos e sin e), where V — . 
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At the highest point of the trajeotoiy e 0 so that the Tslodty is in the 
horizontal direction. V is therefore the vdocity at this point and is called 
the eharaeteri^ vdocUy. 

Now, the velocity at any height is rdated to the temperature at that 
height by 

V s= m./seo. .. (16) 

A knowledge of the characteristio velocity therefore enables one to estimate 
the temperature at the highest point of the trajectory. 

The above relation connecting v and T is obtained from Eq. (1) by 
substituting the values y s= 1*4, i == l-37x 10-i« erg. deg. and m = 4-7 
X 10*^^ gm. For use of this expression at any height it is of course 
assumed that y and m are constant with height. 


(6) Effect of wind 

The presence of air current influences the path of the sound ray. If 
the velocity of the air current, which we assume to be in the horizontal 
direction, is constant with height, the effect is rather small. But if the 
velocity increases with height, the influence becomes appreciable. If a 
sound ray proceeds obliquely upwards, it experiences higher and higher wind 
velocity as it ascends. The effective horizontal velocity of the sound thus 
increases and the direction of the ray deviates more and more towards 
the ground. It ultimately becomes horizontal and, as a result of the 
gradient of the wind velocity on the wave front, is bent back towards the 
earth. If, however, the sound ray has a component in a direction opposite 
to that of the wind, the ray as it ascends becomes more and more steeply 
inclined to the vertical and cannot return to the earth. The sound is thus 
better heard in the direction of the wind than against it. 

.A simplifled mathematical analysis of the wind effect, after Emden [5], 
is given below. It is assumed that the temperature decreases and the 
wind velocity increases — ^the latter linearly — ^with height. 

In Fig. 4, OM is an element of wave-front at time U Let v be velocity 
of sound and w that of wind. In unit time the middle point M moves to 
AT' due to sound velocity and at the same time is carried by wind velocity 
to Jf'. The resultant displacement is MM" and the ray velocity is v\ 
The new wave-front is given by 0"M". The velocity along the wave- 
normal Jf Jf' is given by 

=s v+w cos 

where s« is the angle between v and the horizontal a;-direction. 

It can be shown that — ■■ a constant. Hence, 
cos 


-fu; mm SL. 




cos 6, cos 
Vq, Sq, Wq being the values corresponding to zero-level. 
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Again, the ray velocity 

«'*a 008 e, 

■■to cos e,+'v/e*— to* sin*^*, 

where e, is the angle between o' and the horizontal direction. 



Fxo. 4. Tilting of wave-front of sound due to the effect of wind. OM is the original 
wave-front and is the tilted wave-front due to the effect of wind velocity. 


The temperature decreases linearly with height. Hence, strictly speak- 
ing, the velocity decreases as the square root of height. However, within 
the small range of height within which the bending of the sound ray takes 
place, the velocity may be assumed to decrease linearly. Further, since the 
wind velocity increases linearly, we may put 


and . tc icq (1 +&A)* 
Also, omitting the suffix n, we have 

V 

cosea 


cos So 


+iro— w 


cosep 


ConsideriDg the ray we have 


where — cos Cp. 

% 


and 


dx a (o cos t+w)dt 
dA a g sin e eft. * 
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Therefore, 

. , ooseo+— (l+'S'A) 

dx e cos e+w _ ^ • t> ' 

35 V sin e ” [(i +BA)* ’ 

This, on simplification and integration, yields 

* ■» ( V2-BA+8ia*eo “Sin e^) 

+— {1— «^(a+6) (sin%— jBA ooa^eQ)l(SBvQ oo8*eo)} 

{ ( v' 2 jBA cos®eo+sm*6o —sin e©) /(JS oos*eo) } • 

Taking the particular case when the ray starts off in a horizontal direction 
so that Co = 0, we have 

where at *= — ^ — r 

Vo 



Fxo. 5. Paths of sound rays when the source is situated at a height above the ground 
and the temperature decreases upwards. The regions diaded by vertical lines are 
regions of silence. (After Emden.) 



Fxo. 6. Effect of wind (indicated by the azrow) on the state of affairs depicted in Fig. 5. 

(After Emden.) 

Figs. 6, 6, 7 depict, after Emden [5], the paths of the sound rays for some 
typical cases. Fig. 6 shows the case when the sound source is situated at a 
height and the temperature decreases upwards. Fig. 6 depicts the case 
when there is an air current over and above the temperature gradient 
as in Fig. 6. It is dearly seen that audibility is greater in the direction of 
the wind than against it. Fig. 7 is drawn for a specific case. The source is 
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situated on the stufaoe of the earth; the atmoqBhere is still up to 0'37 km. 
above whidi there is a gradient of 4 m. per see. per km, of asoent. The tern- 



Fxo. 7. Paths of sound ray for a specific case: The temperature near the ground, 
294*K (Vo as 342 m./sec.); temperature gradient, — 6*2^K per km.; no wind up 
to a height of 0*37 km., above which there is a gradient of 4 m./seo. per kin. of 
ascent. The regions shaded by vertical lines are the regions of silence. (After 
Emden.) 

perature gradient is — 6*2°K per km. and the temperature near the ground 
is taken to be 294°K (hence ^;o ^=342 m./sec.). The shaded zones represent 
the regions where no sound is heard. 


4. EXPERIMENTAL STUDY OP ANOMALOUS SOUND PRO- 
PAGATION— TEMPERATURE DISTRIBUTION IN THE 
MIDDLE ATMOSPHERE 

From what has been said above it is obvious that the heights of 
the trajectories of the anomalously propagated waves and the corres- 
ponding characteristic velocities enable one to determine the tempera- 
ture distribution in the hot region of the upper atmosphere. We shall 
presently describe methods for measuring and calculating these quantities. 
The experimental data necessary for these calculations are the times taken 
by the anomalously propagated sound waves to travel from the source to a 
number of receiving stations suitably distributed. For systematic collection 
of the data it is not sufficient to depend on aural evidence or to wait for 
accidental explosions. Artificial explosions are arranged for making 
measurements at different hours of the day or night, in different seasons 
and also at different latitudes. An essential apparatus for making such 
measurements is some delicate device for recording the arrival of sound 
pulses. Before we proceed to discuss the methods of estimating the heights 
of the trajectories we shall briefly describe the working principles of three 
of the devices which have been developed for the purpose. 

t 

(a) Recording instruments 

Vndograph . — This recorder, dengned by Khhl, has been widely used in 
Gemumy [6]. Its essential component, the deflecting element, is shown in 
Fig. 8. A rectangular membrane (length 26, breadth 2a, thickness d and 
5 
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made of material of denaity a) is supported by wire XY pawing throuj^ an 
axie of r^mmetry. The irire is fi:md at its two ends with a oertain amount 
cS. tenshm. One-half of the membrane lying on cme side of the axis is 
made *dead' by being shielded from the incoming wave iriiile the other half 
is ei^osed to same. A small mirror is fixed to the wire, so that rotation 
of tile membrane is registered by the movement of a light-pointer. 



X 




ne. 8. lUoatcatitig the deflecting element, a thin membiane, of the Undogrsph. 
The ahaded portion of the element ie made dead by shielding it from the incoming 
ware. The notation of the mirror S is registered by the movement of the light 
pcdnter. 


If a sound wave incident on the exposed half of the wing produces a 
change of pressure dP then the deflection D of the light-pointer is given by 


D 



where A is the distance between the scale and the mirror 8, and r the 
torsional constant of the wire. 

The free period of oscillation of the system is given by 

assumingp of courBe, that the axis is vertical. Combining the above two 
equations we get 
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The above zdatiicm diom that aensilivity ia incroaoed by deoreuing the 
«iinMin»imMi (rf the iviDg 80 that if the dead part ci the wing ia removed the 
eqnatioii beoomea 


D 


±ASP^ 

2^^^ead' 


The equation farther ahovm that an inoteaae in the tranaverae axia of the 
wing will not oontribnte to the aenaitivity of the inatroment; for, the 
advantage gained by a greater air anr&oe ia oompmaated by the inoreaae 
in the moment of inertia. 

Hot-win mim^Aone.— Thia inatroment developed by Tnoker and Paris 
[7] oonsiats eaaentially of a closed vessel in the form of a Helmholta resonator, 
across the opening of which is stretched a thin wire \duoh may be heated 
electrically.- 'When sound waves ore incident on the orifice of the resonator 
the volume of air inside begins to vibrate and a pmrtion of the air flows 
in and out through the orifice. It thus cook and changes the resistance of 
the hot'Wire. The variation of the resistanoe than indicates the arrival of 
sound waves. The resonator generally haa a volume varying from 300 o.o. 
to 60 c.o. and has a sharp resonance characteristic. The neck of the 
resonator, ending in the orifice, haa (wdinanfy a length of 2 cm. and diSmeter 
1 cm. The length of the neck cannot be decreased below a limit of about 
1 cm. because the hot-wire is then exposed to transient air currents. 
Resonance adjustment may be made by increasing or decreasing the volume 
of the resonator and/m the length of the neck. 



Fke. 9. ninstratiog the principle of'Tuoker and Paris’ hot-wira microphone. The 
heating element is shown on ti>e right fitted on a disc with a central hole across 
which there is a siqjport for the wire (shown in black). The dtw is mounted at the 
month of a Hehnholts resonator (1^ diagram). The resonator ends in a neck 
with d diameter of about 1 cm. and a communicating tube with the outer air of 
length about 2 cm. nw tube protects the hot-wire element from transient air 
currents outride. 

I 

The heating element is made of very thin platinum wire (dia. 0*0006 cm.) 
bent into loops as diownr in Fig. 0 and supported by a rod across a small 
hole (0-6 cm. diameter) made in a drcular mica disc. The system is suitably 
ntounted on the (xifioe and the wire is heated just below red heat bypassing 
a current (about 30 mA) so that the resistanoe of the wire inoteaaea from 
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about 160 ohms to about 360 ohms. The resistance is now balanced in a 
bridge circuit containing a sensitive Einthoven galvanometer. Any change 
of resistance due to the incidence of sound waves disturbs the balance of the 
bridge and produces a deflection in the galvanometer. 

A great advantage of this instrument is that it is &ee from the effect of 
spurious vibration such as may be communicated through the mounting, 
because, the hot-wire is sensitive only to the air vibration. Another 
advantage of the hot-wire microphone over the Undograph is that the 
recording of sounds received at different stations may be made on one and 
the same flhn. A comparison of the times of arrival of sound can therefore 
be made with greater precision. 

Electromagnetic micro-barograph . — ^This instrument, designed by Benioff 
[8] for recording sudden and slight changes in air pressure for purposes of 
seismographic investigations, may be used for studying anomalous pro- 
pagation of sound. The instrument consists essentially of a moving coil 
loud-speaker (permanent magnet type) mounted on one side of a closed 
chamber of capacity about cu.m. The effective diameter of the loud- 
speaker cone is about 16 cm. Since the natural frequency of vibration of its 
cone assembly is about 160 cycles per second, the displacement of the. cone 
for frequencies less than 60 cycles is approximately proportional to the 
increment of pressure. The induced e.m.f. in the coil is thus proportional 
to the rate of change of pressure. The output current passes to a galvano- 
meteTi the deflections of which can be recorded in the usual way. The 
sensitivity of the instrument is such that a pressure change of 1 dyne/cm.2 
produces a deflection of 1 mm. in a galvanometer of period 1 sec. 

<6) Temperature distribution : Height of the trajectory 

As already mentioned, the temperature in the hot region of the atmos- 
phere can be calculated from the value of the characteristic velocity, 
i.e., the velocity of sound at the highest point of the trajectory of the 
anomalously propagated sound wave. This latter can be determined either 
from the measurement of the angle of descent of the downcoming wave or 
from the so-called travel-time curve, i.e., a curve showing the relation 
between the time of travel and the horizontal distance traversed by the 
wave. The two methods are discussed below. 

(i) From angle of descent . — ^The angle of descent may be measured after 
Meisser by recording the exact hours of arrival of the sound waves at three 
different stations, a few hundred metres apart, situated conveniently at 
three comers of a triangle of approximately equilateral shape [9]. 

I^t Po. Pi and P, be the three receiving BtatioDB. Imagiiie a 
reotaagnlar oo-wdinate qrstem with (nigin at Pg, each tiiat the a-axis is 
alqng the line joining P, and Px and s-axu vertically upward. The co> 
ovdinates ci the three stations ace then — assibning that they lie on a 
horiBontal plane— (0, 0, 0), (»i, 0, 0) and (a^, y,, 0) respectively. Let 
the times of arrival of a plane downcoming wave at the three stations be 
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7*0, 2*1 and Tg. If the waTe>n<Hrinal makes an|^a>^ and y with the time 
axes and is the Ttiooity of sonnd at tiie gronnd, then 

cos a » iv>(2’i-3’o) * Ai, 


*j cos tt+jft cos p ■> vo(Tt—To) *■ At> 
and co8*a+oos*j9+oos*y ss 1. 

From these relations we can find out y the angle of inoidenoe with the 
rertioal and 4 azimuth of the downcoming ray. Thus 


sin Y 
tan^ 


^ coa/3 ^ /Ag gg / Ai 

“'oosa ^yg yg *i// ’ 


The angle of descent is the complement of the angle of incidence. 
From the angle of descent so obtained, the characteristic velocity, i.e., 
the vtiocity at the highest point of the trajectory is obtained at once from 
the relation 

F B vq sec eg, (Ifi) 


where is the value of velocity of sound at the ground and Sq = W^~V* 
From the characteristic vdlocity again, the temperature of the highest 
point of the trajectory is obtained Irom Eq. (16), namely, 


F =» 20T^ T m./sec. 

F. J. W. Whipple [10] has made a number of measurements of the angles 
of descent and has calculated therefrom the characteristic velocities. Acc(»d> 
ing to him this velocity is about 360 m./seo. for most of the days. This is 
about 10 m./seo. higher than the velocity of sound near ground at summer 
tonperature of England. As an extreme case Whipple has recorded an 
angle of descent as great as 36°, corresponding to a characteristic velocity 
of 420 m./sec. This large value of characteristic vdocity may be explained 
either by assuming a strong air current in the higher regions or by supposing 
that at some height there exists a very high temperature. 

If now the height of the trajectory be known, the distribution of 
temperature in the hot region can be determined. There is, however, some 
uncwtainty regarding this height and Whipple [10] makes an approximate 
estimate of the same as follows. 

The metewological data regarding temperature, wind, etc., as available 
up to tile highest point on the day of experiment, are utilized to trace tiie 
actual path of tlw ray from the ground upwards (from the ground the 
trajeckty is assumed to start off in the direction as given l^y the measured 
angle of inddence). The trajectory above the highest point so obtained is 
calculated for two extreme oases of assumed temperature distributkm. 
Firstly, it is assumed that the temperature above is constant up to the 
highest point of the trajectory. This evidently means that there is a 
sharp and sudden rise of temperature at the point of reflection. The other 
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extreme assumption is that there is a uniform rise of temperature from the 
calculated highest point. The actual path of the ray can now be assumed 
to lie somewhere between these two extreme cases. Figs. 10 (a) and (b) illus- 
trate the procedure. The portion O to .4 is calculated from* the meteorological 
data. It is assumed that the portion BZ corresponds to OA . The trajectory 
for the two extreme cases are ATB and AJB. For OATBZ the calculated 
travel-time is 786 seconds and is greater than the actual travel-time (see 
Fig. 10(6) ). For OAJBZ the travel-time is 667 seconds and is less than the 
observed travel-time. The trajectory OAPKQBZ is now drawn by trial 
corresponding to observed travel-time 720 seconds. For this trajectory the 
transition from straight to curved path occurs at P at height of 33 km. and 
the height of £ is 44 km. The height of h is thus assumed to be the height 
of the trajectory. Figs. 10 (c) and (d) depict the variation of sound velocity 
and the temperature distribution with height. 





Pxo. 10. lUustrating how the height of the trajectoiy of anoxnaloudy propagated sound 
ray can be estimated. (After F. J. W. Whipple.) 

The ^angle of descent’ method has also been used by Mathur (under 
the auspices of the India Meteorological Department) to estimate the 
temperature and its seasonal variation in the middle atmosphere over 
the Central Fl'ovinces, India [10a]. The observations were made during 
the period May 30, 1946 to Fob. 1, 1947. There were two explosion centres 
nne situated at Ponia (Lat. 23® 40'6’, Long. 80® 23’) and the other at Phulgaon 
<Lat. 20® 42’, Long. 7.8® 27’). There were altogether 9 recording stations. 
Of these, 7 were distributed along the line joining the two centres and 
2 al<mg lines nearly at right angles to the same. The most ^hstant recording 
station was at Kamaredi, 638 km. south of Ponia. The recording apparatus 
used was one of the Army Sound Banging Recorders, SB No. 2; MKl 
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usually employed for localizing enemy mortars. The temperature as 
measured varied between 324°K at 42 km. to 345^K at 61 km. in summer 
and between 304^K at 34 km. to 324''K at 64 km. in winter. In the 
region investigated (40-60 km.) the lapse rate during summer (June) was 
found to be steeper than during pre-monsoon and winter (October and 
January). In summer (1946) explosion sounds were better recorded at 
stations situated south and in winter (1947) pre-monsoon trials were better 
recorded at stations in the north. These preferred propagations are 
attributed to upper wind systems. 

(ii) From travel-time curves . — ^The times of arrival of the anomalously 
propagated sound waves at different distances from the source furnish data 
which, when combined with the knowledge of the actual temperature dis- 
tribution in the troposphere (obtained directly by balloon sounding, etc.), 
enable one also to calculate the highest point of the trajectory [11]. 

. The total horizontal distance A# travelled by the ray in the region 
above the troposphere and the corresponding time t, are given by 

A, = A--D* 

ts = 


where A is the horizontal distance between the source and the receiver and i 
the observed travel-time. D* is the total horizontal distance traversed 
by the portions of the ray in the troposphere near the source and near 
the receiver and t* the corresponding time. 

In the above relations A and t are obtained from actual observations 
and a curve is drawn depicting the relation between the two (Pig. 11). 
D* and t* are evaluated as follows. From Eqs. (13) and (14), 


JO* = 2 

^♦ = 2 



tan i dh 
dh 

V cos i ' 


where is the height of the tropopause. The velocity t’o at sea-level and 
V at any height in the troposphere can be evaluated from a knowledge of the 
temperature at sea-level and from the distribution of the temperature 
with height in the troposphere (Eq. 16). The angle (q between the ray 
and the plumb line at sea-level can be obtained from the slope of the 
A curve. Thus, 



.. (17) 


The angle i at any height is given by 


. . V . , 

sm t = — sin to . 


Obtaining D* and t* in the way indicated above and subtracting firom 
the corresponding values of A and t, another curve can be drawn depicting 
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tho idlatioii botwson A# &Bd tt, Lo», between distance and time of travel 
at tile top of tropospheire (Fig. 12). From this oorre the height of the 



S'xci. 11. BzpBTimoDtSI tzevol^tino. ourves for indiroct Bound wft\6 st XinomBho. 
Southem California. (After Gutenberg.) 



Cto.lS. Caloulated travel-time curve for sound wavea in the stratospberecorreBponding 

to the data in Fig. 11. (After Gutenberg.) 


portion df the trajectory of the sound ray above the tropopause can be obtained 
'with the help of the method developed by Herglotz, Wiechert and 'Ratjuwn.n 
for calculating the trajectories in connection 'with seismological problems. 
Thb elevation 8 of tbe highest point over the troposphere for a ray 
covering a horizontal distance At in the region above the tropopause is 
given by 


if* 

• A 


cosh“*— dA.> 


8 


.. (18) 
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where is the value of 3 A«/S^ at any distance between 0 and A* and 9* 
is the value of the same at the limiting distance Ac Since 8A«/3t« is 
obtained from the A«*-<« curve (Fig. 12), the integration for S can be made 
graphicallj. The height h of the point above the surface of the earth 
is obviously 

Since the angle of descent (■■ ir/2— t^) can be obtained from Eq. (17), 
the value of the characteristic velocity at height A may be easily circulated 
from Eq. (16). We thus get the temperature distribution with height 
(Fig. 13). 



Fxo. 13. Temperature distribution in the middle atmosphere in North California in the 
winter of 1937-38. (After Gutenberg.) 


The procedure as given above will be clear from the following example 
[12]. Beferring to Fig. 11 we have the following data : — 


Date 

1937/38 

A 

km. 

i 

m 

t 

8 

(«A/8<)o 

m./sec. 

> 

m./sec. 

H 

sin ig 

m 

h 

m s 

Nov. 24 

140 

8 

36 

■9 

34(i 

'61 

■1 

118 

6 

30 

Deo. 14 

180 

10 

52 


340 

•44 


166 

8 

68 

Jan. 11 

200 

11 

30 

Hi 

342 

•65 

mi 

176 

9 

21 


With the values of A# ^nd tg in the last two columns Fig. 12 is drawn. 
From the curve in Fig. 12 the values of & are calc ulated from Eq. (18). 
The table below is*now prepared giving the distribution of temperature with 
height, assuming the height of tropopause to be 17 km. 
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A. 

km. 

g 

Vs 

m./sec. 

S 

km. 

(*,+S) 

km. 

V 

m./sec. 

Temperatura 
•K *0 

0 

0 

277 

0 

17 

277 

190 

-83 

50 

178 

298 

. , 

. . 

. . 

. . 

. . 

100 

337 

326 

12* 

29} 

' 326 

264 

-9 

150 

485 

349 

21* 

38} 

349 

303 

30 

200 

624 

370 

31* 

48} 

370 

337 

64 


In the aboYO calculation, it has been assumed that the temperature 
begins to increase from the level of the tropopause. Actually, however, 
there is a region of constant temperature just above this level. The sound 
ray in region follows a straight course. A correction has therefore to 
be applied to take account of this region of constant temperature [13]. 



TiO. 14. Illustrating the seasonal variation in temperature, pressure and wind at 
20 km. height in England and in Lapland. The wind system in the upper 
atmosphere produces variation of audibility in different directions of abnormally 
propagated sound waves. (After F. J. W. Whipple.) 
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It has been noticed that during different seasons, audibility is favoured 
in different directions. For instance, it has been found that there is a 
change for favoured audibility to the west in summer and to the east in 
winter in England. This is naturally attributed to the changes in direction 
of the wind at high altitude. 

The presence of such winds in the middle atmosphere has been ascribed 
by F. J. W. Whipple to the presence of pressure difference in high altitudes 
between places in different latitudes and longitudes. He has studied the 
records of temperature 20 km. above the ground made by Dines in England 
and by Bolf in Lapland. The seasonal variations of temperature and 
pressure at 20 km. level above the ground is shown in Fig. 14. The east 
wind and the west wind, which will be produced as a result of this difference 
of pressure during different seasons of the year is shown in the figure. It 
is to be noted that the transition from west wind to east wind and vice versa 
occurs at the end of March and at the middle of September. These 
dates agree with the critical dates of abnormal audibility of sound in 
England. 


IIIB— METEORIC PHENOMENA 
1. INTRODUCTION 

Observation and study of meteoric flashes yield important information 
concerning temperature and density distribution in upper atmospheric 
regions. Such studies were first made by Lindemann and Dobson who, by 
developing a detailed theory of the appearance and disappearance of the 
meteors, came to the surprising conclusion that the density in the middle 
atmosphere (50 km. to 60 km.) was much higher than what it used to be 
believed at the time (1922) on the assumption that the stratosphere and 
its upper regions were isothermal at the low temperature of 220°K. In fact, 
the calculated densities could only be reconciled with observations if a high 
temperature, of the order of 300®K was assumed to prevail in upper strato- 
spheric regions. Other theories and studies of meteor (Sparrow, Opik, 
Herlofson, F. L. Whipple) also lead to similar conclusion. These results are 
therefore in full agreement with that deduced in Chapter IIIA from 
observation and discussion of the abnormal propagation of sound waves. 

In the present chapter we shall first give a short account of the classi- 
fication and composition of meteors. Methods of observation, theories of 
meteors and the upper atmospheric temperature and density as may be 
deduced therefrom will then follow. ' 

It has been found that intense ionization is produced along meteor 
trails. This ionization contributes to the general ionization of the upper 
atmosphere produced by ultraviolet solar radiation and by impact of extra- 
terrestrial particles. Study of meteor-ionization by radio-echo technique 
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is now a powerful method of determining meteor oharaoteristics and hence of 
upper atmospheric data.. This will be taken up in Seo. 6. 

2. GLASSIFICATION AND COMPOSITION OF METEORS 

Meteors are extra-terrestrial particles of mass of a few milligrams which 
enter the earth’s atmosphere and in their rush through it are vaporized by 
the heat generated and emit light. They are, in fact, by nature projectiles 
of extremely high speed, 10 to 16 times that of ordinary projectiles. 
Occasionally the particles may be of much greater size — ^few hundreds of 
kilograms when they appear as fire balls and drop on the surface of the 
earth as meteorites. For example, the Great Greenland Meteor which is 
the largest preserved meteorite has a mass of 3*7x10^ kilograms and is 
now in the American Museum of Natural llistory. Such a mass, if it were 



Fzo. 1. Origin of shower meteors. The 
particles in the belt {ah) are debris of 
defunct comets. The widths of the 
belts vary greatly and may be esti- 
mated from the duration of the shower 
which is a measure of time the earth 
takes to cross the belt. Thus, while 
the Giacobinids shower of October, 
1946 — a shower of exceptional inten- 
sity — blasted only 6 hours, the regularly 
occurring Perseids shower, though less 
active, lasts for 21 days. Since the 
velocity of the earth (vq) in its orbits is 
30 km./sec., the diameter of the cross- 
section of the swarm (neglecting the 
fact that the earth’s orbit cuts the 
meteor orbit obliquely) of the former 
is 400,000 miles, and of the latter 60 
million miles. (The earth’s and the 
meteoric particles’ orbits are not in the 
same plane.) 


of spherical shape and consisted mainly of iron would be 4*1 metres in 
diameter. The meteors which disappear in the higher atmosphere are, of 
course, of much smaller size. Various considerations show that such 
meteors have the average radius ranging from 0*1 to 0*01 cm. 

The meteors may broadly be classified as shower meteors and as non- 
shower or sporadic meteors. 

The origin of shower meteors is currently believed to be defunct or 
disintegrated comets. The meteoric particles thus belong to different 
families according to the comet from which they originate and follow 
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different orbits. Whenever the earth in its annual round crosses the orbit 
of one such family, the particles belonging to the family are attracted into 
the atmosphere and meteoric shower belonging to the particular family 
occurs (Fig. 1). 

A list of the major showers together with their dates of maximum, 
radiants and normal hourly rates is given in Table I. (British Astronomical 
Association Handbook.) These showers are observable &om geographical 
latitudes ±52^. (The lists are for meteoric showers as are observed visually. 
They do not include the * daylight ’ showers as are now detected by the radar 
technique. Reference to daylight meteors will be made in Sec. 5.) 

TABI.B 1 


Date of maziznuzn 

Shower 

Radiant 

R.A. Deo. 

Normal hourly 
rate 

January 3 

% 

Quadrantids 

230» + 62* 

30 to 40 

April 21 . . 

Lyrids 

270® + 33® 

7 to 10 

August 10-13 

Perseids 

47® -f 68® 

40 to 60 

October 20-23 

Orionids 

96® -f 16® 

10 to 20 

November 16-17 

Leonids 

162® + 22® 

10 to 15 

December 11-13 

Gezninids 

113® + 32® 

60 


In Table II is given a list of showers of which the parent comets have 
been identified with good certainty [1]. 

Table II 


Shower 

Comet 

Computed date 

Computed 

radiant 

Lyrids 

18611 

April 21 

271®-!- 34® 

June Draconids 

Pons-Winneoke 

June 30 

208®+ 64® 

Perseids 

1862 III 

August 11 

45® +68® 

October Draconids 

Giacobini-Zinner 

October 10 

262®+54® 

Leonids 

18611 

November 16 

161®+23® 

Andromedids 

Biela 

November 30 

23® +44® 


The dates of occurrence as given in Table II are computed &om the 
orbits of the original associated comets. It may be noted that for the 
last two showers thp order of the dates of occurrence has been inverted in 
the course of time. At present Andromedids shower occurs on November 14 
and the Leonids on November 16. 

Two other identifications may also be mentioned l^ere. F. L. Whipple 
[2] has shown that Taurids shower has common origin with Encke’s comet. 
Also the Aquarids shower in May is assigned to Halley’s comet [3]. 

For the other major shonvers which occur regularly the parent comets 
still remain unknown. It is, of course, possible that they may not have 
any parent comet at all. 
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The Giacobinids shower on which many observations have been made, 
is not included in the lists as it is not regular. It occurred with great 
intensity on October 9-10, 1946. 

The names of the Afferent families, as will be s^n from the above 
tables, are associated with constellations. This is because the observed 
paths of the meteors belonging to a particular family all meet approximately 
at a point when projected on the celestial globe. The family to which the 
shower belongs derives its name from the constellation .in the celestial 
sphere in which this point — called the radiant — ^is situated. For example, 
the Leonids is so called because its radiant is in the constellation Leo. The 
radiants are however not alwa 3 rs sharp. The Leonids have a sharp radiant, 
but the radiants of most of the other annual major showers are scattered 
over a considerable area. Sometimes the radiants, though scattered over a 
large area, are concentrated in sharp sub-centres. Such is the case with 
Orionids. They may also be diffused fairly uniformly over a considerable 
area as in the case of Perseids. Lack of parallelism between individual 
meteors clearly mean that though they may be members of the same family 
and presumably have the same origin they are not moving in identical orbits. 
As such, at great distances they may not be recognizable as belonging to 
one family at all. The distribution of meteoric particles being not uniform, 
there is a main shoal outside which the particles are relatively sparsely dis- 
tributed. A maximum of meteor shower occurs if the earth in its motion 
hapi>ens to cross the track of a meteor family when the main shoal of the 
family is near the ecliptic. In the case of Leonids, this maximum occurs 
at intervals of 33 years. 

In the absence of any perturbing action, the meteors of a particular 
family having a common origin would all follow the same orbit. But, on 
account of the-perturbing action of the planets, particularly that due to 
Jupiter, the paths of comets and meteor streams are disturbed. It is 
evident that the amount of perturbation will depend on the time during 
which the meteoric family or the comet is influenced by the attractive 
forces of the planets. Now;, if the plane of the orbit of the perturbed body 
coincides with that of the perturbing planet and if revolutions of the two are 
in the same sense, then the perturbing action will be strongest. If, however^ 
the motion of the meteor family is retrograde and if the plane of the orbit 
is strongly inclined to that of the ecliptic, the perturbation will be much less. 
This in fact agrees with observation. Halley’s comet has a retrograde motion 
and is much less disturbed than comets which travel direct. The major 
showers Leonids, Perseids, and Lyrids are highly inclined to the ecliptic 
(163°, 115°, 80°) and also travel in retrograde orbits. As such, they are 
very little perturbed and have been known to exist for a long time. The 
perturbing effect on a swarm of particles spreads the swarm out unevenly 
into a flat ring round the sun. 

Since it takes time for the meteoric particles to be spread over the entire 
orbit by perturbing action, only showers of great age have such distribution. 
As such, showers which occur regularly annually may be presumed to be very 



SBC, 2 


TEMPERATURE IN THE MIDDLE ATMOSPHERE 


79 


old. On the other hand, the members of a meteoric family which is of more 
recent origin are more or less located at certain places in the orbit. 

The origin of the sporadic or non-shower meteor is still a matter of 
controversy — ^whether they belong to a solar system (elliptic orbit) or are 
extra-solar (hyperbolic orbit). The prevalent opinion is in favour of the 
former, at least, for a large majority of the cases. The point has to be 
determined from accurate determination of the velocities. When the meteor 
is at the sun-earth distance, its velocity in its orbit (heliocentric velocity), 
before being influenced by the gravitation attraction of the earth, must be 
less than 42- 12 km./sec. (critical velocity) if it is to belong to the sun. 
Unfortunately, the methods of measurements, particularly the earlic! ones, 
axe not sufficiently accurate to decide the one or other. One sigiiiflcant fact 
in favour of elliptic orbits is that when a comparison of the heights of 
appearance and disappearance of shower meteors and non-shower or sporadic 
meteors is made no considerable difference in the heights is observed. [In a 
private communication (1960) to the author, Ur. A. C. B. Lovell of 
Manchester, England informs that he has an overwhelming mass of evidence 
(firom observations only on meteors brighter than six magnitude) which 
shows that the percentage of meteors moving with hyperbolic velocities, 
even if any exist, is extremely small.] 

An interesting and important point regarding the velocity of approach 
of the meteors and the variation of the frequency of meteoric impacts with 
the hour of the day and the geographical location of the place of observation 
may be noted here. 

The velocity of approach of a meteor is its velocity relative to the 
earth. Since the earth is travelling in its orbit round the sun with a velocity 
29 km./sec. with reference to the solar system, a meteor travelling with a 
velocity v with reference to the same system may appear to have any 
velocity within the range v±29 km. per second. The maximum value 
(t;+29) will occur when the earth and the meteor happen to move towards 
each other and the minimum (v— 29) when they move away from each other. 
These limiting values are naturally of very rare occurrence. Generally, 
they move with a relative velocity given by v cos 0m+29 cos where 
and are the angles which the velocity vector of the meteor and of 
the earth respectively make with the line joining the two. As the earth 
travels in space round the sun, one-half of its surface is always presented 
towards the direction of travel while the other half away from it. Evidently 
the forward half will encounter greater meteoric velocities than the rear 
half and hence have more frequent meteoric impacts. 

Now, since the point on the forward hemisphere at which the zenith 
points to the direction of travel of the earth (in its orbit) will experience 
head-on collisions, the region round this point will be the one of greatest 
frequency of meteoric impacts. If the axis of the earth were at right angles 
to the plane of the ecliptic then in all seasons of the year this point would be 
on the equator where it is nearly 6-hour dawn. Since, however, the axis of 
the earth is tilted at an angle of 23}^ to the plane of the ecliptic, the point 
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ivill wander between Istitiides ±23}* but will invariably be where it is 
nearly 6 hours befiwe noon. In latitudes beyond the tropics the aenith 
at any point can never point to the direction of travel but will come nearest 
to this direction at nearly 6>hour dawn. It can thus generally be said that 
at any jdace the largest number of collisions with the maximum velooily 
may be expected to occur only when it is about 6-hour dawn at the place. 

The above remarks apply only to sp<»adio meteors which arrive from 
random directions. In the case of shower metemn which appear to arrive 
from fixed radiants the highest number of impacts and the nm.»inMiwi 
velocities will be observed if and when the radiant happens to point to the 
direction of travel of the earth or nearest to it. 

The composition of the meteors varies considerably firom type to type. 
The diief constituents, as deduceed from meteor q»ectra are calcium, 
nickel, VMgnesium, manganese, chromium and, probably also sodium, 
aluminium and silicon. (See Fig. 2A, Plate I.) Meteor spectra may be 
classified into two distinct types: (i) Typ^ F showing strong H and K 
lines of ionized calcinm, and (ii) Type Z where these lines are absent. 
Most of the shower meteors, specially the Leonids, appear to belong to 
class Y. Nearly two-thirds of sporadic meteors belong to class Z. 

The meteorites falling on the earth are classified into two contrasting 
types — ^the iron meteorites and the stone meteorites. While the former 
contains very little of calcium, the latter contains more than one per cent of 
the same. Shower meteors belonging mostly to type Y (containing calciu m) 
may thus be classified as stone meteors. Non-shower or sporadic meteors, 
belonging to both type Y and type Z are thus partly stone meteors and 
partly iron meteors. 


3. METEOR OBSERVATIONS— VISUAL AND PHOTOGRAPHIC 

For applying the theory of meteors to the determination of density and 
temperature distribution in the middle atmosphere it is essential that the 
pat^ of the meteors be known accurately. The meteor paths may be 
measured if the same meteor can be seen (or photographed) by two observers 
suitably situated. Such observations yield the following data: Position of 
the radiant, the linear length of the path, the heights at the beginning and 
at the end of the luminous trail. For two observers the observational 
errors in all the above, except that for the radiant are also obtained. With 
more than two observers, the errors in the radiant, as also the personal 
errors of the observe, are known. In the best modem visual observations 
the errors are of the order 1° in radiant measurement and 2-4 km. in the 
height measurement. 

Of the systematic meteor observations carried out in recent years 
mention may be made of those by the English workers [4], by the Harvard 
group in the U.S.A., by the American Meteor Society under C. P. Olivier, by 
individual co-operative bodies in Soviet Russia, by Hoffmeistw in different 
latitudes and by McIntosh in New Zealand [6]. We give below some 
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Fig. Olio of tho pair of mobile stations, Dona Ana, in Now Mexico, U.S.A., for 
photographies study of motooi’s. Arrow indicates position of tho other station 
( So ledod, hidden). (After F. L. Whipple.) 
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SIO; 3 


TEMPBRATURB IN THE ICIDDLB ATMOSPHERE 


81 


details of the work by the Harvard group. (Qeneral aooounts of the methods 
of mAkifig meteor observations are to be found in references [6]. ) 

The first observations — ^visual — ^were made during the years 1931-33 
by the Harvard-Cornell Meteor Expedition at FlagstafF, Arizona. The 
observers were E. (^ik» B. Wilson and D. Hargrave. 1436 meteor velocities 
were measured and subjected to statistical analysis. Similar observations 
were carried out by E. Opik in 1934-38 at Tartu, Estonia [7]. But the 
most systematic observations are the photographic ones started under the 
auipices of the Harvard Photographic Meteoric Programme by F. L. Whipple 
in 1936 [8]. Up to the middle of 1948 the observatiog stations were located 
near Harvard, one at Cambridge and the other at Oak Ridge Station of the 
Harvard University with a base line of approximately 23 miles. The 
observing cameras were of l*5-inch aperture and focal length 6 inches. 
Synchronous motors operated rotating shutters on the cameras to interrupt 
the exposure at intervals of 0*06 sec. The meteor trail, which is usually 
observable for less than a second, thus appeared on the photograph as a 
broken line. The position of any point on the trajectory can be measured 
with great accuracy when the meteor appears simultaneously on both the 
cameras. The separation of the successive breaks provide data for deter- 
mining both the linear velocity and the deceleration due to the resistance of 
the atmosphere. The deceleration is generally small, of the order 1 km./sec.* 
and was usually measurable only for the mid-point of the trail. In 
Fig. 2, Plate I, the pair of photographs shows the trail of Qeminid meteor 
caught by the Cambridge and the Harvard cameras on December 13, 1947. 
The breaks on the trail in the photograph on the left due to the action of 
the rotating shutters are clearly visible. 

By comparison of the photographed trail with the images of the stars, 
a rough measurement of the luminosity can be made. The photographs 
thus provide the following data of the meteors; heights of four points, 
luminosity (except at the end), the integrated luminosity, the velocity 
(this does not change greatly over the length of the trail), the deceleration 
at the middle point and the inclination to the direction of the zenith. 
Meteor data collected by the Harvard group have been utilized by Whipple 
to compute upper atmospheric data [9] (vide infra). 

The meteor observing camera were removed in 1948 to two chosen sites 
in New Mexico and are being operated there since then. The stations are 
separated by a distance of 12 miles and are situated at altitude of about 
5,000 ft. above sea-level. Fig. 3, Plate II, shows one of the pair of the mobile 
stations. A super-Schmidt camera with aperture 12i> inches, focal length 
8 inches, effective focal ratio 0*85 and field of angular diameter 52 degrees is 
under construction (1948). It is expected that with this oavfiera the meteor 
* yield’ will be increased 40 times and slow meteors of 4th apparent visual 
magnitude will be photographed [10]. 

The heights of appearance and disappearance of meteors and the 
relations of these heights with the mass and the velocity of the meteor are 
of considerable importance in the theory of meteors. The following data 
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collected specially by Lindemaim and Dobson in connection with their theory 
of meteors (vide infra) are therefore given. 

The heights of appearance and disappearance of meteors lie within a wide 
range. The Idlest altitude at which meteors have been observed appear 
to be within Itogion F of the ionosphere. There is no lower limit of the 
height of disappearance since the falling of glowing meteors on the ground 



O 50 m 

VELOCITY OF METEORS 

(or frequency) 


Fzo. 4. Each dot represents one meteor, the ordinate giving its height at appearance 
and the abscissa its velocity. The curve shows the relative numbers of meteors 
appearing at different heights, (After Lindemann and Dobson.) 


is not an uncommon phenomenon. Figs. 4, 5 represent the observed relation 
between the heights of appearance and of disappearance with frequency of 
occurrence of meteors. It will be noticed that while the heights of appear- 
ance roughly group near a single level at about 110 km., those of dis- 
appearance group about two distinct levels, one at 70 km. and the other 
at 48 km. There is a decided drop in the disappearance frequency curve 
at 65 km., where comparatively few meteors vanish. This latter fact is of 
considerable importance in the theory of meteors and \rill be referred 
to later. 
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A general rdation ezists between the heights of appeftrance and 
disappearanoe and the ▼elooity' of a meteor. A meteor having greater 
velooity appears higher up and also disappears higher in the atmosphere 
tiuuQ one moving with a lower velocity [11], 



O SO no 

VELOCITY OF METEORS (Km. /S k) 
^ FREQUENCY) 


6. Bach dot rapnaenta ooe meteor, the ordinate giving ita height at diaappear* 
anoe and the abeciaaa ita velooitjr. Xhe ohrve ahowa the relative nombera of 
laeteora diaappearing at different heighta. (After Lindemann and Dobaon.) 


Daring the periods of principal showers of the year the mean heights of 
appearance and dirappearance are found to increase. The possible reason 
of the greater heights of the showers is that shower meteors being stony 
volatilize at higher altitudes. . 

Ezelading the showers and the abnormal ones which have low end points, 
a marked variation of heights with season is found [12]. It will be seen 
in Fig. 6 that the minimnm height occurs in February and the mazimum in 
Angnst-September. From the figure it is also to bo noticed that the range 
of meteors varies with season. 
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4. METEOR THEORIES 

Many theories of the meteor have been proposed to explain the metecnio 
fladies, their heights of appearance and disappearance, distribution of light 
intensity along the trails, and othw charaoteristios. Of these, the more 
important ones are those of Lindemann and Dobson (1923), of Sparrow 
(1926) and of Opik (1933). 

As already mentioned Lindemann and Dobson were the first to develop 
a complete theory of the meteor and to predict therefrom the existence of a 
region of high temperature in the middle atmosphere. But, notwithstanding 
the success of the prediction, the theory has been subject to ciitioisma. 
These will be referred to later. 

In the present section we will first discuss the Lindemann-Dobson thetny 
in some detail, because, though criticized, the Lindemann-Dobson theory is of 
lasting value being the first attempt of its kind to datify the. process of 
encounter of a meteor partide with air molecules. Accounts of Sparrow's 
theory and of Opik’s theory (the latter after a treatment ci Herloban), will 
then follow. Finally, F. L. Whipple’s analysis of metew data and results 
cf his calculations on upper atmospheric temperature and density will be 
given. 
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(a) Lindamann-Dobaon thaory 

Tha fbodamental aaBomptioii of Lindemaun and Dobson is that as a 
meteorio partida rndies into the earth's atmoq[diere, a hot gas cap is formed 
inunediatdy in front of it doe to the adiabatio compression of the air. 
Heat from, the gas cap is ixansmitted to the meteor and when the radhu 
of the meteor is small, as is tha ease with those whidi disappear at great 
heights, the entire mass is raised to a high temperatnre and the meteor 
becomes inoandesoent. A knowledge of tiie metewic data such as the 
Telocity, density, radios, heat-conduotivity and specific heat, enables 
one to oaloolate the atmospheric density at the height of appearance or of 
disaj^earance of the meteor. The oalcolations fm the height of appearance 
are independent of those for tiie height of disappearance and both the 
oalcolations show tiiat the estimated densities cannot be recondled with a 
low temperatnre in the togion of average meteorio display — ^bot are eon> 
sistent with a high temperatnre of the order of 300°K. 

It is to be noted that the oalcolations of Lindemann and Dobson refer to 
wdinary meteors. Very bright meteors like fire-balls which come close to the 
snrfaoe of the earth and are mnch larger than the average size are exdnded. 
The average Imeteor of Lindemann and Dobson has the fdlowing 
diaracteristios: height of appearance — 100 km.; height of disappearance— 
80 km.; length of the path traversed (obliqoely) — 60 km.; speed — 40 km. per 
second. It is tiins visible for a period, io* of abont 1*6 sec. The apparent 
brightness at a distance of 160 km. is eqoal to that of a first magnitode 
star, ie., energy radiated per second is fir — 3*3 x 10*** ergs. This latter 
qoantity also determines the size of the average meteor. The total energy 
dissipated in the period 1*6 sec., doring which the meteor is visible, is 
1*6 X 3*3 Xl0*0ai 6x10*** eigs. This energy is derived from the kmetic' 
energy of the meteor (average v b 4xl0*'cm./sec.). Equating the 
two energies, tn, the mass of the meteor, is found to be 6*26x 10~* gm. If 
the meteor is composed of iron, its radius (assuming spherical shape) is 
0*067 cm. 

(i) Density retired for the formation of the gaa cap . — During its fiight 
throu^ the atmosphere a meteor at first experiences direct impacts by the 
individual air mdecules, the mean free paths of which at great heights ate 
much larger than the dimensions of the meteor itself. As the metew 
descends it enters into regions of gradually increasing density and, at a 
height depending on the size of the meteor and its velocity, a protecting 
layer of compressed air begins to form in front of it. Direct impact on the 
smfiace of the meteor by the air molecules now ceases. The atmoq>hstio 
density at ydiibh. this will happen may be estimted as follows: Suppose 
that, to start with, the meteor, by its fmward velocity, has trapped a 
molecule against its surface. This trapped nudeoule, owing to its mesn 
tltemal velocity, will in general move out df the region swept by the surface 
of tiw meteor wititin a certain time unless this time be equal to or greater 
than the time required by the metem to cover the distance of a mean free 
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path of the molecules. In the latter case other molecules will collect in 
front of the meteor before the trapped molecule finds time to escape and a 
protecting layer begins toibrm. We thus have for the condition of formation 
of the layer. 


where Li — ^mean firee path of the moleoole, 
r — ^radius of the meteor, 

Fo — ^mean velocity of the molecule, 
and V — ^vdocity of t^ meteor. 


If Pi be the density at which the above condition hol^ uid and p, 
be the mean free path and density at normal temperature and pressure, 
then we have 


Pi 



Zs 

V 


P. 


( 1 ) 


Hence the gas cap begins to form when the denrity o£ the atmoqdiere 
is of the order of L^Vofrv times the normal den^y. Thus, in the case of 
nitrogen, direct impacts cease and the gas cap begins to form at the level 
at which the density is given by 6-6xl0”*/ft>. The value of v may be 
obtained from direct observations on the meteor and that of r from the 
ibrmulae r a (3m/4irpa)V* and a Et^, as shown above, where p. is the 
density of the meteoric material. 

The quantity of heat available for raising the temperature of tiie 
meteor by direct molecular impacts is assumed to be negligible. It is only 
when the gas cap forms that the heat from this cap is partly transmitted to 
the meteor. 

(ii) Bate of loss of energy by the meteor . — During its flight the meteor 
drives the air molecules in its path with its own velocity and also compresses 
adiabatically the air in front of it firdm the initial pressure pc ^ pressure 
p, say. The total kinetic energy abstracted from the metew per second is 
therefore utilized partly in imparting kinetic energy to the air molecules 
in front of it and partly in supplying the potential energy of the adiabatically 
compressed air cap. 

The kinetic energy gained per second by the trapped air molecules is 
equal to 

where m' — ^mass of the trapped air molecules, 

3 — cross-sectional area of the metew, 

po — atmosphoric denMty at the hdght concerned. 

The potential energy gained per second by the air molecules is ^e 
amount of work done in compressing a mass Sp^v of the gas adiabatically 
frbmlhe pressure PC to the pressure p. This is equal to 
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8p,vV» 

— ^ log pIpo. 

where B — ^universal gas constant. 

To — ^temperature of the atmosphere. 

Mq — ^molecular weight. 

V — ^velocity of sound in air. 

Y — ^ratio of specific heats of air. 
p — ^pressure of the gas cap. 

The total energy lost by the meteor per second in imparting the kinetic and 
potential energies is therefore given by 

E’^l8pov*+^£^.logp/po 

= i-Spo»*[ 1 +2/y . log P/Po^ 

* ( 2 ) 

the second term within square brackets being small compared to unity. 

To determine the pressure p of the gas cap we note that the resistance 
experienced by the particle is p,S and the work done by it against this 
resistance per second is p.8.v. Thus 

E* = p.S,v =s ^SpQV^ 

or p a=5 Ipqv^. (3) 

(iii) Energy available for heating the meteor : Efficiency factor k , — The 
total work done by the meteor per second in moving a distance v is l^pQt^. 
Of this, only a small fraction is available for heating the meteor because the 
molecules of the gas cap which drift behind its side carry with them a large 
fraction of the energy. In fact, since a certain proportion of the con- 
stituent molecules of the gas cap is always escaping from it we may suppose 
that the gas cap itself is not moving exactly with the velocity v but with a 
smaller velocity. 

If now F' be the relative velocity of the meteoric particle with respect 
to the gas cap (F'<v), the amount available for heating will be 
The value of V' may be determined from the fundamental concepts of the 
kinetic theory of gases and may be shown to be equal to (V\ — Fsl/S. where 
Fj is the velocity of the compressed gas molecules in iront of the meteor 
and V% that of the gas molecules at the temperature of the meteoric surface. 
Hence the heat which flows to the meteor per second is equal to 
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If we denote by k the fraction of the total work done which is vtiliud 
in heating the meteor, we get 


. Ti-r, 


( 4 ) 


Lmdemann and Dobson call this fraction k the efiSciency factor of 
heating. Expressed in terms of temperatures. 



where TS is a fictitious temperature defined by Tp ^ Ti is the 

temperature of the gas cap and T% the temperature of the surface of the 
meteor. Ti is given by 



where Tq is the initial temperature of the gas. 

(iv) DerisUy at the height of appearance . — ^The fraction k of the total 
amount of work done per second utilized in heating the meteor as obtained 
above, may bo used for finding out the density at the level of the atmos- 
phere at which a meteor will make its appearance. Heat is supplied to the 
meteor from the. gas cap at the rate of k . per unit surface per second. 
This is carried into the interior of the meteor at the rate of K. dTjdr^ where 
K is the thermal conductivity of the meteoric material and dTjdr the 
temperature gradient. 

Now evaporation will take place when the heat supplied is of the order 
of (or greater than) the heat conducted into the meteor, i.e., when 

k . jpo®* “ ^ * 


or 


dT i.W* 
dr "" K 


( 7 ) 


It can be shown from the above equation that evaporation will begin 
in case of meteors of the average small size (radius s 6 X 10**< cm. as deduced 
above), when the temperature at the centre is almost equal to that at the 
surface. Under this condition 


J madTf 



nf^k . ipo^dt, 


where m — ^mass of meteor, 

s — specific heat of its material. 


( 8 ) 
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The intagnJ on the ri^^t hand side is the nte at which heat flows into the 
metem of tadins r. 

For a auteor descending vertically, « <ft Bt —dh, idiete h is the bright 
measured from the ground level upwards. 

Thus 



For convenience we henceforth denote the density at the grooM level 
by pq and that at any height by p. Now, since m s |wr*p., p. being the 
density of tiie meteoric material, we have 

|e=^, 


The mean value of k between the initial and final values of the surface 
temperature of the meteor is obviously kl2, where k is the efficiency factor 
at the final temperature T%. Taking this mean value as constant, 


_U. 


Let p, be the density at the height h at which the temperature of the 
whole meteoric mass attains the value T,, i.e., at which the meteor evaporates 
copiously and consequently becomes visible. Then since 


P» “ Po 



and since the atmospheric density at which the cap begins to form is negligible 
compared to that at the height of appearance, we have 


Hence 



16 p^Ttr gMf, 
S lev* BTo' 


(9) 

( 10 ) 


For meteors descending at an angle x i'O the vertical 

16 p^treosx gJfo 
'’•“s' STo’ 


( 11 ) 


AH the quantities on the right hand side of this equation can be 
ascertained fairly accurately with the exception of To> temperature of 
the upper atmosphere. can thus be calculated if a value of To is assumed. 

(v) Deneiiy at the height of disappearance . — ^As already mentioned the 
density can also be calculated from considerations of quite a different nature 
about the height of disappearance of meteors. ' 

Once the surface of the meteor is raised to such a temperature that 
evaporation takes place, practically all the heat reaching the meteor is 
used up in volatilizing it. Thus 

Idmwa 7rf * . k . it ( 12 ) 
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where I is the latent heat of evaporation of the meteorio material and dm 
is the amoont evaporated in time dt. 

It can be ahoen that deceleration of meteotB (excepting the very dow 
<meB) is jnaotically nei^ble, so tiiat Fj, the mean vdodty of the atmos- 
pheric molecnles in tiie gas cap can be tieated as constant. Again, since the 
temperatiire of the meteoric sur&ce remains sensibly constant so long as 
the meteor glows. Ft, the mean velocity of the moleeales receding fiom the 
metew does not vary appreciably. Hence imlike the vahie bT ib in the 
case previously considered, k here is constant being given by 

k-h=Is 

*” 3» ' 

Since tn ss we have 

dm ■■ 4irr*p«dr. 

Hence, dr/dt, the rate at which the size of the meteor decreases due to 
evaporation, is given by 

df 1 dm 
dt ~ 4irr*p« ‘ d< 



^ Pm 

brom Hq. (12). 

If Xr is the total length of the meteor trail making an angle x witii the 
vertical 


vdt = - 




where JA is the projection of L on the vertical. 

Hence, from Eq. (12.1), 

j 1 /ir w V ^ 

\ 24 5: as- 

. Thus r, the radius of the meteor when it started to evaporate, is given by 




Vi-Vt 

24 


vL STo , » 


where is the atmospheric density at which the whole of the meteor mass 
evaporates. If is neglected in comparison with p^ it follows that 

24f IdA, „ gMo 
Fi-F,‘ vL ’^* RTf, 


The atmospheric density at the height at which a meteor radius r 
disappears can be estimated from this equation. 

It is evident that these equations will hold good only for an isothermal 
atmosphere. That is, the meteor, during its whole course, is assumed to 
pass through an atmosphere at constant temperature. 
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(▼i) BesuUs of dmaity distribution ^akvdation: Indiadion of high 
temperature in the middle atmosphere. — lindemaim and Dobson tho 

data obtained from particulats several hondieds of meteoric observa^ona 
coileoted by W. F. Denning and his co-workers (Figs. 4 and 6) for oalonlat* 
ing, with the help of equati<»is (11) and (14), the densities at the heights 
of appearance and disappearance respectively of the meteors. The results 



D£NSirY(Oirt/Cm*J 


Fio. 7. Plot of density againat hei^t obtained from meteorio data. The ogoasai 
represent the density and height at the points of appearance and the dots those 
at the points of disappearance of the meteors. 

The broken line curve depicts the variation of density with hei^^t on the 
assumption of an isothermal atmosidiere at 220*K and preponderance of lighter 
gases above 100 km. ; the continuous portion of the line at the bottom (ABi is 
obtained from sounding balloon observations* (After Lindemann and Dobson.) 

represented by Fig. 7 shows that for the region 60 km. to 160 km. (within 
which a large amount of observaticmal data was available) the caloulated 
densities are much higher than those obtained directly from the formula 

P* •-/>o e*P jjyJ 
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on the aasomption of an iaothennal atmoapheie at a otmatant low torn* 
pera t nre — 220**E. The leanlta are, however, coudstent with a hij^ter 
temperatoie— flay, 300”K— ^e diffocenoe in densitieB m fact amounting 
to 1,000 thnes. Farther, the valaefl obtained from the *appeamnoe' 
oonfliderationfl and those obtained from the 'diaappearanoe* conaidera- 
tiooB Bnppwt each other. It is to be noted that for calculation of 
the densitiefl with the hdp of Eqs. (11) and (14) a knowledge of the 
temperature itself is necessary. This can, however, be found out from 
the d<^ dT the' height^ensity curve (densities calculated with any 
assumed temperature) drawn from a number of observations. It is, of 
course, assumed that the region under consideration is an isothermal one. 

The above oondnsioa regarding the existence of a high temperature 
in the middle atmosphere receives support from three other associated 
meteoric phenomena discussed bdow. 

The dip at 50-60 km. in the heij^t-disappearance frequency curve 
(Fig. 6) is explained by Lindemann and Dobson as due to the presence of 
an isothermal region of high temperature above 60 km. If the atinosphere 
through whidi the meteors are rushing be isothermal down to the heights 
of disappearance, then the dots representing the latter ought to group 
round a single maximum as in the case of the height-appearance frequency 
curve (Fig. 4). If, however, there be a region of cooler atmosphere which 
the meteor has to jiass through in its downward course, then its rate of 
evaporation will be checked and the meteor would not disappear at the 
height at which it would have done normally. It will come down to a 
level the density at which is high enough to reinstate its rate of heating and 
evaporation. The presence of a minimum in the curve in Fig. 6 thus 
indicates the existence of a lower temperature below 66 km. than above. 
(It has, however, been pointed out by F. L. Whipple that the dip is 
an evidence of hig^ temperature rather in the 50-60 km. region than 
above it. ‘ The existence of a smaller logarithmic density gradient pro- 
longs the lifetime of a meteor reaching this height ; the meteor has, there- 
fore, a smaller chance of disappearing in the critical range of altitude. 
The air temperature, per se, is not the determining factor, but rather the 
consequent reduced density gradient.’) 

The height at which the meteor is first seen is certainly lees than 
the height at which the gas cap, to which the heating and the incandescence 
of the metew are due, first begins to be fanned. Hie density at the latter 
heigd^t, which can be calculated with the hdp of the simple relation 
given by Eq. (1), might therefine be considered as a lower limit of the 
probable density at the actual height of appearance of the. meteor. Even 
when these lower estimates of the detity and the correqionding htilg^ts of 
appearance are plotted, the heig^t-denflity curve so obtained is found 
(Fig. 8) to be inconsistent with on isothermal atmosphere at 220^ but 
consistent with an atmosphere at a much higgler tempenitare. (See, 
however, the ctitioisms below.) 
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It oan be diown that there is a miniinmn velooity below which no 
meteorio flash should occur. This is because a lower velocity would not 
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Fid. 8. Baoh dot repieioats the lower limit of the density leqiiiied for the foimatiou 
of gee cap in firont of a meteor at the height of its appearance. 

Gunre ABO is the same as in Fig. 7. The line DB drawn through the dots 
diowB that the density distribation corrcqpondB to an isothermal atmosphere at a 
temperature much higher than 220^. (After Lindemann and Dobson.) 

cause appreciable heating and hence the evaporation would be too small to 
make the meteor visible. Calculations show that for a temperature of 
220^K in the r^bn of appearance of meteors this minimum velocity is 
19 km./sec.9 while for a temperature of SOO^K the minimum is 12 km./sec. 
Observations show, however, that a large number of meteors have velo- 
cities below 19 km./sec., thus indicating a temperature ^higher than 220°K. 

The existence of high tdmperature in the middle atmosphere as deduced 
from the study of abnonnal propagation of sound is thus confirmed by the 
critical study of meteorio fiashes. 

We diall see in the next chapter that the rise of temperature in the 
middle atmosphere is due to the presence of ozone. Ozone strongly absorbs 



M UFPBB ATBIOSPHERB OHAV. ni» 

the near ultiaviolet poiikHi of the solw speotrom (2200A to 2900A) and 
tbm fbnna, ae it were, s heat teservov in tiie middle atmosphere. The 
ooefllctent of absorption -is so h4;h that though the ozone is distribated 
between 15 and 46 km. most of the absorption and consequent heating 
ooonrs in the topmost pwtum of the ozone la 3 rer. 

(vii) CriUeiama of Lindemann-Dcbaon Theory . — As already mentioned 
the thecny has been snbjeot to criticisms on Tarions grounds. 13ie ^st of 
tiieae were ficom Sparrow [13] and from Epstrin [14] on thermodynamical 
groonds. But these ware met by Idndemann [15]. Later, Herk^mn [16] 
has raised objeotkms regarding the mode of heating by which the meteor 
is raised to xnoandescence. Accrading to HerIcdiKm, *the assumption that 
the meteor will be heated by adiabatic compression only is not permissible 
and leads to a serious underestimate of the amount of heat created in the 
metew and the cap*. Li support of this it is pointed out tiiat the oondusion 
ofUndemannand Dobson, as deduced from their theory, that the air density 
in the region 100-160 km. is not less than 10~* gm./om.* (see Fig. 8) is 
found to be wrong by a factor of 100, from ionospheric measurements in 
this region (see Chapter VI). 

Further, *a closer analysis of the collisions between the resting air 
molecule in front of the meteor, and air moleouke which have hit tiie meteor 
suribce once, indicates that an air cap may be formed when the mean free 
path is ocnnparable with the dimenrions d the meteor, and not with the 
tHitiftfiririM mul^plied by the ratio between the velocity of the meteor and 
the thermal vdodty of the air molecules’. Hence it follows that 'an 
adiabatic air cap cannot be expected to fcwm in front d meteors even as 
large as some centimeters, unless they penetrate to heights well below 
100 km., and for ordinary shooting stars, whose dimensions are probably 
0*01-1 cm., an air cap can hardly be supposed to f(Hrm above heists of the 
(»der 50-70 km. ’ OU*, however, a metew is able to readi levds where the 
mean free path is substantially smaUer than the meteor dimensions, the 
eqnatums employed by T.iiid«Tn«.iin and Dobson become valid. It is for 
tiiis reason that estimate from LindemannJDobson theory apiwosches correct 
values at heights lower than 50 Irin. (For a fuller discussion Herlofron’s 
raiginal paper [16] should be consulted.) From the remarks made above 
it is clear that for the higher regions of the atmosphere, where by tax the 
largest number of meteors appear and disaj^ear, one has to conidder the 
primary effect, namdy the eflfoct of direct impacts of sin|^ air moleonles 
with the body of the meteor. This was first done by Sparrow and is 
disonsaed below. 

(5) Sparrow’s theory 

The es s en t i a l fisatnres d Sparrow’s tiieory are quite timple. The 
meteor in rodiing forward experiences direct impacts of the air moleonles 
upon its snrfooe in raidd succession. Ba(& of these impacts imparts some 
energy to the meteor whidi appears as heat. Equating the rate of absorption 
d energy due to these impacts to the rate d radiatirm according to Stefon’s 
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knr, the tempecatnze of the meteorio partide is obtained. When this 
temperatnie is hij^ enough to produce copious evaporstioii, the meteor 
becomes visible. 

(i) Bffeieney factor k. — The collision of an air molecule with the meteor 
is really between an air molecole and a meteorio moieoole. Sparrow 
oonsidets the collision to be inelastio sinoe there are several &otors which 
will cause dissipathm of the energy. To find out the firaotion h of die total 
energy of impact received by the meteor we ocmaider the meteorio moleonle 
to be at rest and the air nufieoule to strike it with a velocity v relative to it. 

Consider first the simple case in which the direction of approach is 
along the line joining the centres of the two meteors. It is supposed that 
as a result of oollisi<m the rdative velocity (v) is reduced to sero. If tttj 
and in% be the masses of the air and the meteor mdeoules respectively, then, 
in order that the momentum may be conserved, the system, air-meteor 
moleonle will have, sdter collision, vdodty equal to mio/{mx+m%). The 
energy of the system, will be less than the cniginal 

energy (ntxv* by the amount This energy will have 

to be cUssipated. 

If we take the more general case, in which the direction of approach 
an angle $ with the line joining the centres of the molecules, then 
supposing that the jooUision reduces the relative vdodty along the line of 
centres to zero while it leaves unaffected the velocity perpendicular to the 
line of centres it is easily shown that after impact the energy of the air 
molecule is 

and the energy of the meteoric mdecnle is 

a oos«5 - gilcoB* $, say. .. .. (16) 

The sum of these two energies is less than the original energy by the amount 

oos* $. -« gsloostf, say (16) 

This energy is therefore dissipated. 

The <hssipated energy may be used up in each of these three ways: 
(o) dissodation of the atmospheric molecule, (b) dissodation of the meteorio 
molecule or disruption of its lattice structure, and (e) ionization of the 
crmstituent atoms. Of tiiese only the portion of energy used up in method 
(6) is available for heating the meteor. 

It is assumed that besides the gain of kinetic ertergy, the meteoric 
mdecnle also acquiree half of the disnpated enogy to its credit. Thus 
the net gain of energy is (gj+i9t) ooe*5. The ratio of this latter to the 
total eimgy of impact imje* is called by ^[larrow the efficiency factor k. 
To take into account all posdble directims oi approach defined by $, the 
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mean value of cob* 9 for all coUisicma is required. fiSnoe this is equal to 
1/2, tiie effidenoy factor 

1 (gi+jgs) . 

2' !♦»,«« ’ 

or, from Eqs. (16) and (16), 

4(mi+m2)* 

Table II gives the values of h calculated for hydrogen and nitrogen 
molecules striking a meteor. Tvro different values of 25 and 66, 
are used. 

TABxa II 


Vidu€$oJk 



(ii) Bdatian between vdocUy and height of appearance of meteors . — Since 
V is the velocity of the meteor, it is struck by vr^v molecules per 
second where n is the number of molecules per cm.* and r the radius of the 
meteor. The total energy gained per second by the meteor is therefore 


vf^vk , =s g 

where p is the density of the gas at the height concerned. Assuming the 
meteor to be a black body radiating at a temperature T^K the energy 
rachated per second is 4«rr^7*, where or is the Stefan’s constant. 

Equating the energy loss to the energy gained per second, 

4irf«aT* » | ifepe*f *, 

or T*-i*e*p/8a (18) 

In this equation v and a are known and T may be assumed to be of the 
order of 2000^K, being the temperature of copious evaporation, i.e., the 
dashing point of the meteor, p can thus be calculated for the height of 
appearance of the meteor, which is obtained from direct observation. The 
density at this height being thus known, that at any other height can be at 
once computed assuming an isothermal atmosphere. Hence the distribution 
of density with height is fixed once for all. Equation (18) then predicts a 
definite height of appearance corresponding to a particular value of r. 
The velocity and the corresponding height of appearance calculated in this 
way seem to agree weU with observations. 

Sparrow’s theory of meteors as sketched above is obviously not as 
completely developed as the theory of Lindemann and Dobson. Further, 
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the theory has been criticized by Lindemann on various grounds [16]. 
Nevertheless the fundamental idea of Sparrow, namely that the ultimate 
source of heating is the direct impact of air molecules with the meteor 
surface, has been the basis of all subsequent discussions regarding the 
majority of meteors which appear in the high atmosphere as shooting 
stars. This, in particular, refers to Opik’s work which we now proceed 
to describe. 

(c) Opik’s theory — Herlofson’s Treatment 

Opik’s has developed a detailed theory of meteors. For a full account 
of the theory the reader is referred to Opik’s original papers [17]. Here, 
the main principles of the theory will be applied to a simplified model after 
Herlofson [16]. 

The essential problem in Sparrow’s theory of meteors is the effect of 
coUision of an air molecule at rest with the surface of a solid body (composed 
of iron for instance) moving with a velocity of 20 to 70 km./sec. The 
kinetic energy of air molecules (N 2 and O 2 ) for this relative velocity cor- 
responds to 60 to 800 eV. (For oxygen and nitrogen atoms the amounts are 
halved.) Unfortunately, there are no experimental results available on the 
effect of impact with solid surfaces of air molecules with such energies. 
There are, however, experimental studies on impact of fast moving positive 
ions with metal surfaces, and, Opik has developed his theory with the 
results of such experiments as guide. 

Remembering that the binding energy of an atom in solids is only a 
few electron volts, two possible results of impact of air molecules with 
meteor surface suggest themselves. One is that the impinging air molecule 
ejects (that is, causes evaporation of) a meteor molecule. The phenomenon 
is analogous to that of 'sputtering’ in discharge tubes. Experiments on 
sputtering show, however, that for the energy range under consideration, 
for each impinging molecule, only a fraction of an atom can be evaporated 
[18]. The 'sputtering effect’ cannot therefore possibly be the dominant 
factor in the energy balance of a meteor. The other possibility is that 
the impinging molecule is trapped in the meteor surface. This effect is 
more promising because experiments on accommodation coefficient for 
positive ions of noble gases [19] show that a major proportion of the 
impinging ions (1/2 to 3/4) are trapped in the metal surface where they neces- 
sarily give up their kinetic energy. Opik supposes that an analogous process 
occurs in the case of impact of air molecules (neutral) with the meteor surface. 

It is assumed that in the region of meteoric flash, the mean free path of 
the molecule is much greater than the radius of the meteor. Under such 
condition, the front surface of the meteor is bomba;*dcd by single air 
molecules and the major proportion of them is trapped in the metal surface. 
The kinetic energy (relative to the meteor) which is given up to the meteor 
as heat suffices to bring the temperature to that of evaporation. The 
meteor atoms (mostly iron) thus distil off- the meteor with velocity appro- 
priate to the temperature. 

7 
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The dietinotion between Spanrow’e process and the process des- 
cribed above should be clearly understood. In Sparrow’s process the 
energy of the impinging air molecules is qpent partly in heating the 
meteor and partly in ejecting a meteoric atom and imparting to it a 
comparatively large kinetic energy with respect to the meteor. In the 
process outlined above the energy (with respect to the meteor) of the atoms 
which are evaporated is very small being only the thermal energy. The 
evaporated atoms have thus practically the same velocity as that of meteor 
and when they collide with air molecules produce light and ionization. It 
is to be noted that according to the above, the energy supplied by each air 
molecule on collision is enough for evaporation of a great number of atoms 
because the binding energy of the meteor atom in the solid body amounts 
only to few electron volts. For complete evaporation therefore, the total 
air mass intercepted is small compared to the mass of the meteor body. 
The meteor, in course of its passage through the atmosphere, is not ap- 
preciably retarded. The atmosphere therefore does not really check the 
flight of the meteor but rather breaks the single meteor into atoms and 
disperses them along the meteor track. 

The equation expressing the balance between the heat supplied by the 
impinging air molecules and the latent heat carried away in the evaporation 
may be expressed thus on the assumption that the coUision is inelastic and 
the molecule trapped on the surface gives up the whole of its kinetic energy 
as heat : 

sec . . (19) 

where r — radius of the meteor, 

— density of the meteor material, 

I — latent heat of evaporation of the meteor material, 
t; — ^velocity of the meteor, 
p ^ — density df the air, 

z — ^height of the atmosphere reckoned from some flxed level, 

X — angle between the meteor track and the vertical. 

Since the momentum is conserved, we write 


t sec X (20) 


For the short path of the orbit of the meteor under consideration, the zenith 
angle x niay be assumed to be constant. 

Assuming that the atmosphere is in hydrostatic equilibrium, Eqs. (19) 
and (20) yield 

r/f, » exp [- («! -»«)/(12Z)] (21) 






.. ( 22 ) 


where and —radius and velocity of the meteor outside the atmosphere, 
Ei{x ) — ^integral logarithm, 
p — atmospheric pressure. 
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Acowding to Eq. (22), evaporation begins as the metew enters into the 
atmosphere. 

If n be the number of atoms evaporated in unit time, then 

n» (23) 

where A — atomic weight, 

^AvQgadro’s number. 

From Eqs. (19) and (23) we obtain 


n sec X irN fp sec x 

r» '‘2gHAl\ , 


m- 


(24) 


where H is the scale height. 

From the above equations we can determine how the velocity the 
radius r and the number of atoms evaporated per sec. n, vary with the 
pressure p of the atmosphere for a meteor with a given value of the radius 
at entry (r^), a given inclination of the trajectory (x) and a given initial 



Fig. 9. Curves showing how the velocity, the radius and the number of atoms 
evaporated per second va^ along the trajectory of a meteor. Three cases, with 
initiid velocities 20 km./sec., 40 km./sec., and 60 km./sec. are illustrated. (After 
Herlofton.) 


velocity (v^). In Kg. 9 is plotted v), rjr^^ nBecxI^tn against 
x/^oo)] three initial velocities =s 20 km./sec., 40 km./sec. 
and 00 km./sec. The velocity 40 km./sec. is nearly equal to the critical 
velocity of the meteoric orbit round the sun. 

We note the following interesting points from the three sets of curves. 
Firstly, the velocity is very little affected within the length of the track 
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under o<ni8iderstion. Secondly, meteors mth higher vdooity, irreiqieotive 
of their sise (as l<mg as the radius is much smaller than the mean free path), 
disappear at greater heights. Thirdly, the last set of-ourres shours not 
only the Taziation of the rate of evaporstion uith height but also variatum 
of ionisation density vith height, because, the rate of evaporatiw n is 
proportional to the production of heat, radiation and ionization aloqg the 
entire length of the ixack (taking the Telocity urithin the length of the track 
as nearly constant). 

The shapes of the theoretical curres as diown in Fig. 9 are in general 
agreement with the observed distribution of luminosiiy of a meteor 
track [20,. 21]. Further, the values of the scale height {H) as deduced from 
the lengths of meteoric tracks agree with the values deduced from other 
observations. One is thus justified in condnding that the theory of the 
rate of evaporation as sketched above yidds results of right order. 

From the equations deduced above we can obtain with good accuracy 
the maximum rate of evaporation as also the values (£ the pressure p-..-. 
the radius raus and the vdodty at the point where the rate evapora- 
tion is maximum. Thus, if we r^lace EJipe) in Eq. (22) by e*/a; and take 
account of the fact that the velocity variation is small, then from Eq. (22) 
we have 

H ♦ (NIEA){\ uf* f «« V, COB x). . . ( 26 ) 

(26) 

H f ** •• •• (27) 




According to Eq. (26), the maximum rate of evaporation is prcqior- 
tional to the verticil component of the initial momentum of the metemr. 

We further note' that under the above condition the rate of evaporation 
at any point of the track is given by 

« J HmM (PlPmtx) (P/Pm^)* (29) 

This last equation shows the interesting fact that the shape of the evaporati<m 
curve does not depend on the initial size cff the initial vdodty of the meteor. 

Let us now consider how the evaporated atoms will exdte luminous 
radiation and also produce ionization. 

As already mentioned the evaporated atoms will have, with respect to 
the atmospheric mdeenks, practically the same velodiy as that c£ the 
meteor from which they originate. 1£ the meteor atoms be assumed to be 
those a£ iron, then, for typical meteor vdodties, this energy will vary firom 
100 eV for 20 km./seo. to 1,000 eV for 60 km./seo. CoUidon of iron atoms 
of such energy values may be eiq>eoted to convert thdr kinetic energy into 
heat, light and ionization. Unfortnnatdy, little dati^ are available for the 
trandtion {ttobabilities fm coDidon j^enonena with heavy partides, 
particularly in the above energy range. It is however known tiiat the 



810 . 4 


TEMPERATURE IN THE MIDDLE ATMOSPHERE 


101 


probabilitieB of traiiBition for Bach coUiBions are extremely email compared 
to probabilitieB for colliBiooB with electrons. We recall in this connection 
that for collision with electron the probability of transition is when 

the energy of the electron is a little above the energy of excitation or 
ionization. Recent experiments with heavy partides show that probabilities 
comparable to above are reached only when the kinetio energy exceeds 
10,000 eV . It may be mentioned that this difference in behaviour between 
collision with electron and collision with heavy particle is due to the difference 
in mass. This necessitates, for the latter process, transfer of a much larger 
amount of momentum for transfer npng a given amount of kinetio energy 
into energy of excitation. It may be noted that Opik [22] from his theory 
of atomic collision has deduced the probabilities of such excitation has 
obtained the order of magnitude as indicated above. According to 
Herlofson, however, the probability of ionization as deduced above is rather 
14gh. Considering ever 3 rthmg, Herlofson estimates that the kinetio energy 
of a typical meteor will be divided in the ratio 10^ : 10^ : 1 for production 
of heat, light and ionization respectively. 

Starting with the above assumption we can make an estimate of the 
number of electrons produced per cm. path for a meteor of given 
characteristics. Thus, from Eq. (24) or Fig. 9 we find that for a meteor of 
velocity 40 km./8eo., 

n,n«-7xl0*»fi. (30) 

Hence, the maximum number ot electrons produced pw cm. path of the 


track is 

a^^l0-*n^,fv^2xl0i*ti (31) 

The maxiinuin energy emitted as light per unit time, 

«6xl0i*r’ erg/sec. (32) 

Acewding to Qpik [23] an object at a distance of 100 km. emitting 
lig^t of intensity I irill have the stdlar magnitude, 

m = 24-6-2-5 log / (33) 

Hence, for the intensify I as giveii in Eq. (32) 

i» ■* --7*2-7*6 log r„. (34) 

We can now construct the following table for meteors oi two typical 
magnitudes +1 and +6, moving with velocity 40 km./aeo., with the helpof 
Eqs. (26), (31) and '(34): 

Stellar magnitude . . +1 4-6 

Badius . . o.og cm. 0-02 cm. 

Number of electrons per cm. path . 10^ ' lOM 

Height corresponding to maTimnwi of 
14 ^t and ionisation . . 86 km. 96 km. 


El Fig. 10 hg^t curves — absolute magnitude plotted against time— K)f 
three meteors, as ^otographed by the Harvard group (Luigi O. Jaeehia). 
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are shown [23a]. The smooth curves are the theoretically computed 
carves. It wilLbe noticed that though the general trend of the actual light 
curves is the same as the theoretical curves of evaporation in Fig. 0, there 
are irregular fluctuations of intensity (meteor Nos. 808 and 1644), In the 
lowermost curve (meteor No. 1687) there is a ‘ burst ’ or ' flare *. This has 
cut short the life of the meteor. The origin of the irregularities in the 
light curves and of the flares is still unexplained. 

The light curves of the meteors in Fig. 11 show ' humps ’ when they 
pass through the J!?-layer of the ionosphere. The phenomenon is extremely 
interesting and demands further study and clarification. 





Fzo. 10. Light curves of three meteors. Absolute magnitude of the meteor is plotted 
against time. (The numbers against the curves indicate the serial number of the 
observed meteor.) The smooth curves are the theoretically computed curves. 
The general trend of the light curves is the same as that of the evaporation curves 
shown in Pig. 9. There are» however, irregular fluctuations of intensity. In the 
lowermost curve there is a burst or flare. This has culf diort the life of the 
meteor. [After Jacchia ; Technical Report No. 3, Harvard College Observatory 
and Centre of Analysis of M.I.T. (1949).] 
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HUGH! (Mm) 



Fio. 11. Light curves of these meteors showed incresjse in brilliancy when crossing 
the E’layer. [After Jacchia ; Technical Report No. 3, Harvard College 
Observatory and Centre of Analysis of M.I.T. (1949).] 


(if) F. L. Whipple’s computation of density and temperature 

F. L. Whipple has utilized the photographic meteor data as recorded 
during 1936-37 by the Harvard group {vide supra) for computation of density 
and temperature distribution in the middle atmosphere [9]. The theory 
adopted by him is based on contributions by Opik [22] and by Hoppe [24]. 
Formulae have been developed for calculation of density at four significant 
points along a meteor trail, namely, near the beginning, at the maximum 
light, at the end, and at any point where the deceleration is measurable. 
Results as obtained for these four points are generally consistent amongst 
themselves, the systematic deviation being 01 in log (density). Depending 
upon the weighting ascribed to the different methods of calculating the 
density, a considerable range of solutions occur. The best solution is found 
to be one in which the height-log(density) curve corresponds to the 
following temperature distribution: A flat temperature piaximum of about 
375°K at the 60 km. level, a rapid drop to 250^K near 80 km., and a 
constant or slowly rising temperature at greater heights to about 110 km. 
A seasonal effect is indicated. The upper atmosphere is raised 5*3 ± 1 *0 km. 
under average midsummer temperature as compared to its height under 
average midwinter temperature. 
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Via. 12. Aimospherio density profile from meteor trails. Open circles represent 
density computed from magnitudes, velocities and masses of the meteors near 
the beginning of the photographic trails (corrected for velocity and seasonal 
efieot). Dots represent density from meteor deceleration equally corrected. 
The upper curve shows the mean density variation with height. The lower 
curve follows the standard density variation as adopted by National Advisory 
Committee in Aeronautics of the U.S.A. [After Jacchia; Technical Report 
No. 4, Harvard College Observatory and Centre of Analysis of M.I.T. (1949).] 


In Fig. 12 results of computation of atmospheric densities are plotted 
after Jacchia of the Harvard group [24a]. The open circles have been 
obtained from the magnitudes, velocities and masses of meteors near the 
beginnings of -their photographic trails; the dots are from decelerations. 
These are all corrected for velocities and seasonal effects. The mean 
density curve (the upper curve) is drawn through these plots. It is to be 
noted that these determinations agree well with those of Whipple given 
above. There is, however, a systematic difference with V-2 rocket measure- 
ment. (See Chapter XII.) Above 66 km. height the meteor results give 
progressively greater deities than V-fi measurement results. It appears 
that meteor and rocket measures of density can only be reconciled by 
making fundamental changes in the form of the meteor equations [10]. 
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5. METEOR OBSERVATIONS— RADAR STUDY 

Note — Some of the terms used and experimental equipment referred to in this 
section will be better understood if Sec. 4 of Chapter VI on the Ionosphere is read 
first. 


(a) Introduction 

In Sec. 3 we have described the visual and photographic methods of 
meteor observation. Such observations are necessarily confined to dark 
clear nights only. In the present section we will describe the new and 
powerful radio-echo (or the radar) technique of meteor observation which 
does not suffer from these limitations. Meteor study by this method is 
possible in full daylight and through overcast sky. 

This new method has been made possible by the intense ionization 
produced along meteor trails, to which wo have already referred in the 
last section. It might also be mentioned in this connection that the possi- 
bility of meteor trails producing ionization had been suggested by many 
of the early ionospheric investigators [25, 26, 27, 28, 29]. Some workers 
had also obtained distinct correlation between sudden and transient radio 
echoes with passages of single meteors overhead [30]. It is, however, only 
in comparatively recent years that one has been able to f(»*m a clearer 
picture of meteor ionization and has also been able to make quantitative 
estimates, both theoretically and experimentally, of the ionization density 
in the trail. 

Various considerations show that the ionization in meteor trails is 
initially in the form of long, thin columns some 10 km. in length, with 
electron density about lO^^^ to 10^^ per centimetre length. The radius of the 
column is initially comparable to the mean free path in the region of the 
trail. This is of the order 10 cm. in the region of 100 km. The initial 
volume density of electrons in a meteor trail in this region is therefore 10® 
to 10^® per cm.® With the passage of time the column spreads by diffusion 
and forms large patches or clouds of dense ionization. Evidences have now 
accumulated showing that the aggregate effect of these ion clouds is confined 
within a narrow limit of heights (altitude 80 km. to 120 km.) just below and 
partly overlapping .the A^-layer of the ionosphere. The meteor ionization 
has thus been found to reveal itself broadly by two t 3 rpes of radio 
* echoes ’. Individual meteor trails, immediately on their formation, produce 
radio echoes of a very transient character. These are best distinguished on 
wavelengths in the metre range. Also, the layer of patchy ionization — ^the 
aggf®g®'t® of ion clouds — ^produces in the ordinary ionosphere equipment 
radio echoes which are more persistent thail the former, on frequencies 
much higher than the J^-layer penetration frequency. This second t 3 rpe of 
radio echoes will be discussed in Cliapter VI, Sec. 13(6). In the present 
section we will discuss the first type of echoes. The study of this type has 
gained great impetus in recent years because of the developments during 
World War II in the design and operation of * pulsed’ transmitters and 
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corresponding receivers bn frequencies much higher than the or J^-layer 
critical frequencies. Active centres of systematic meteor study by the 
radar technique have grovm up at a number of places, e.g. Jodrell Bank, 
University of IManchester, England [31], Stanford University, U.S.A. [32], 
and the Dominion Observatory and the National Research Council, Ottawa, 
Canada [33]. Mention should also be made here of the studies of meteor 
trails by the radar technique made in Japan [33a]. (Fig. 13, Plate III, 
is an aerial view of the Jodrell Bank Station.) 

In what follows we will first discuss the intensity of the echo as expected 
from reflection of radio* wave by meteor trail. The results of radar study of 
meteor ionization, e.g. heights of the meteor trails, positions of the radiants, 
velocities, occurrences of daylight meteor showers, will then be described. 

The pulse technique, it may be recalled, was originally developed for exploring 
the ionized regions of the upper atmosphere — the ionosphere (see Chapter VI, Sec. 4). 
It employs a radio transmitter designed to send out groups (or ‘pulses* as they are more 
usually callM) of radio waves of very short duration — a few micro-seconds — ^in quick 
and regular succession. These are reflected when they meet ionized regions of ap- 
propriate electron density. The reflected wave or ‘echo* is picked up by suitably 
designed receiver and its study yields valuable information regarding the ionosphere, 
e.g. heights of the ionized regions, their electron densities, and other characteristics. 
The frequency used m ionosphere ‘pulse* equipment seldom exceeds 20 Mc./sec. 

The pulse technique was later adapted for obtaining radio echoes from distant 
objects like aircraft. Thus has developed the elaborate system of equipment for 
radio-location-— the Radar — by which the range, height and azimuth of a distant 
aircraft (or for the matter of that, any distant radio wave reflecting object) may be 
detennined, in the dark and/or when the sky is overcast. Radar work is generally 
carried out with waves in the centimetre or metre range, with frequencies much higher 
than those employed for ionorpheric work. Detailed description of radar technique 
is not given here as this is readily available in the many standard works on radar 
engineering. A ‘pulse* equipment for ionospheric study will be described in Chapter 
VI, Sec. 4. 

(6) Scattering of radio waves from meteor trails 

To estimate the intensity of the radio echo from a meteor trail we can 
idealize a trail as having the shape of a long cylinder of intense ionization. 
The scattered intensity will then depend (besides upon the density of 
ionization) on the diameter of the column — ^whether it is large or small 
compared with the wavelength of the incident wave. 

If the diameter is large compared to the \vavelength (as assumed by 
Pierce [34]), then there will be total reflection from the body of the meteor 
at normal incidence if the electron density in the trail is greater than 
(/ is the frequency of the incident W'ave and c and 771 have their usual 
significance. See Chapter VI, Sec. 2). But, as shown by Herlofson [16], 
this leads to impossibly high values of electron density. 

If the diameter is small compared to the w’avclength (as assumed by 
Blackett and Lovell [35]) there is scattering. The radius being small, the 
electrons witliin tlie same cross-section will scatter with the same phase 
and the thin column will not appreciably modify the incident w^ave. 



Platb ni 



FIO. 13. Aerial view of the JodreU Bank Station, University of Manchester. England, for meteor study by the 

radar technique. 



FLath IV 



Fio. 16. Range -ampliiudo display of radio echo (broadside) from the trail of a 
meteor. The range (distance) of the * reflecting * point of the trail and the 
strength of the echo are measured from the record. (After Lovell.) 



Fxo. 16. Intensity-modulation display of the radio echo (broadside) from a meteor 
trail. The duration of the echo and the range (distance) of the 'refleotiDg* 
point are measured from the record, (After Lovell.) 
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Electron density as calculated, on this assumption, from the observed echo 
intensity agrees with ^eoretical estimates. 

To determine the intensity of the scattered echo on this assumption 
consider Fig. 14 in which is the trail of a meteor. Badio waves are 



Fxa. 14. JfF is a meteor, trail. Radio waves in the metre range are sent out from 
O and the echo scattered back from the trail is received also at 0. The intensity 
of the received echo at O is appreciable only when there is a portion of the trail 
at right angles to the direction of observation. 

sent out from 0 and the observer, situated also at 0, receives the reflected 
echo. The intensity of the echo is determined by the efiect of superposition 
of scattered wavelets sent out from elements like dx and received at 0. 
We can, as in the treatment of diffraction problems in optics, divide up the 
whole length XT, starting from P, the foot of the perpendicular from 0, 
into Fresnel 'zones’, so that the mean distances from 0 of the successive 
zones differ by half- wavelength. It can then be shown that the resultant 
amplitude at 0 is determined by the effect of the first zone at P — ^the effects 
of the outer zones cancelling each other by mutual interference. The point 
which is nearest to 0 can thus be taken as the point of 'reflection’ of the 
wave from the trail. It thus follows that radio echo will be obtained from 
a trail only when a portion of the trail is at right angles to the line of sight. 
This type of reflection may therefore be called 'broadside’ reflection. (If 
the transmitter and the reviver are not at the same place as in Fig. 14 
then the 'reflection’ point is so situated that the incident and reflected rays 
make supplementary angles with length of the trail.) 

We can thus assume after Lovell and Clegg [36] that, in accordance 
with the difiraction effect formula, only the electrons contained within 
column of length equal to -v/aP/ 2 are effective in building up the reflected 
echo strength (A — ^wavelength, B — orange of the meteor). If a be the electron 
density of the trail, i.e., the number of electrons per unit length, then the 
appropriate number N of electrons is ^ven by, N ss ol\/XRI 2. (Note: 
This formula differs from the more familiar formula N ss a\/ XR, because 
the phase correction is introduced twice, on account of the curvature of the 
incident and reflected wave surfaces.) 
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Ezpre88i<ns oonyemeiit for numerical calcnlationB from observed radio 
data may now be mritten after Lovell and Clegg as follows: — 


Or, altemativdy, 


€ 

a 


, / e« V ^ 

fnc*l 


(36) 


where, c— energy at the receiver input due to scattering from a meteor 
trail with a electrons per cm. length, 

P — ^peak power in the pulse transmitter in watts, 

G — ^power gain of the receiving and the transmitting aerials over a 
half-wave dipole, and e, m and e have their usual meanings. 

The above expression for scattered intensity is applicable only to cases 
where the electron density is less than the critical density for total reflection 
— « condition satisfied by the majority of meteor trails even up to wavelength 
of 4m. But, thrae may be exceptionally brilliant meteors for which the 
electron density in the core is higher than the critical density even for such 
hi{^ frequencies. For such cases, the intensity of scattering depends upon 
the an|^e between the length of the trail and the direction of the electric 
vectOT in the wave. Detailed theory shows that in such case the intensity 
will be greater if the electric vector is normal to the dectron trail [38, 41]. 

Besides the Inoadside echoes discussed above, there is another type 
echo due to, what maiy be calted, end-<m reflection. The electron density 
in the Itead of a trail, as it grows, is sometimes so high as to exceed the 
etitioal density f<»r reflection of 70 Mo./s. waves. As such, waves of this 
frequency occasionally (from exceptionally bright meteors) and of lower 
frequency more frequently are reflected from the head. Use has been made 
of echoes by type of reflection for measuring meteor velocities and will 
be referred to again. 

Figs. 16, 16, Plate IF, are photographs of broadside radio echoes from 
trails as seen on the cathoderay oscillograph screen by conventional methods 
ditfplay. Fig. 16 is range-amplitude display,inwMch the range (distance) 
of the ‘reflecting’ point of the trail and the strength of the echo can be 
measured. Fig. 16 is intensity-modulation diqday in which the duration 
of the echo and tiie range of reflecting point of the trail can be measured. 


(e) Electron density In the trail 

Eq. (36) can be readily used for estimating a, the number of electrons 
per unit length of the column, since, for a given meteor trafl, e and B can 
be measured, and O, P and X are known constants of the radar apparatus. 
Such measurements have been carried out by Lovdl and Clegg [36] and it 
has been found that the density in the trail of a 6th magnitude meteor 
(which is on the limit of visibility) is a^iroximatdy 2x10^** dectrons per 
cm. length. For meteors of magnitude about -{-1, the density is of the 
order l(ps deotnms per cm. length. These results are in very good 
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agreement -with the theoretical estimates of HerlofiMHi [16] made on the 
basis of dpik’s theory of meteors. (See Sec. 4(e).) 

{d) Life of a meteor trail 

As already mentioned, the meteor trails are initially in the form of 
long thin oolu!mn of ionization, some 10 km. in length and diameter of the 
order 20 cm. (at 100 km. height). Though the electrostatic forces between 
the electrons and the positive ions tend to retain the structure, there are 
forces — ^turbulence, diffusion and recombination which ultimately destroy it. 
If the effect of the terrestrial magnetic field on the motions of the electrons 
and ions is neglected for the moment, then the rate of decrease in ionizati<m 
density with time may be estimated without difficulty, by making reasonable 
assumptions regarding recombination and diffusion rates. According to 
Lovell [39] if these two simple processes are only operative, the duration 
of a radio echo from a meteor trail should be firam a fraction of a second 
to a second or so. Fnrther, for a given trail, the duration of the echo, 
for the same trail, will be longer with longer wavelength. Also, the durati<m 
will decrease rapidly with increasing height of the trail, due to increased 
diffusion rate. 

Of these deductions, the second and third accord well with observations. 
Simultaneous observations of the same trail, on two wavdengths, with 
apparatus of equivalent sensitivities show the expected increase in duration 
with increase in wavelength. It has also been found that the duiaticm 
decreases with increase in vdodties. Since meteors of high vdodty appear 
and disappear at higher altitude, this, in other words, means that the 
duration of the echo decreases with altitude. 

In regard to the average duration of the echo the observational results 
are confusing. For example, in the case of a given meteor shower of homo- 
geneous vdodty, the duration has been found to vary from less than 0*1 sec. 
to greater than 60 sec. Also, in the set of observations on relation between 
altitude and duration referred to above, it was found that in some 10% 
of oases the echo could be observed for many seconds, that is, some hundreds 
of times greater tlum the expected value. These abnormally long duration 
echoes also show complex and violent fluctuations in intendty. It has 
been suggested that these fluctuations may be due to turbulence [40]. 
Many workers have also observed that the range of these long duration 
echoes drift with time. These anomalies, as also the main problem, namely, 
the occurrence of echoes of unusually long duration — ^which means that a 
sufficient density of electrons in the teail is maintained for periods of a 
minute against the normal forces of diffusion — are still unexplained. It 
should be mentioned here that besides ionization, as discussed above 
(vdiich may be called tiie haaie ionization), there is evidence that ad- 
ditional teeondary ionization is produced by strong ultraviolet radiation 
around the meteor itself [39a]. This ionization is much more attenuated 
than the basic ionization and. disappears ra^adly within the time expected. 
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Radar echoes from the secondary ionization were first observed by Hey, 
Parsons and Stewart [396]. 

In considering diffusion, the effect of the earth’s magnetic field has been 
neglected. If this is taken into account then the combined diffusion of the 
ions and electrons will be slower in the direction normal to the magnetic 
field than along the same [38]. The ioniked matter will thus spread into an 
elliptic distribution round the track of the meteor with the minor axis normal 
to the direction of the earth’s magnetic field and the track of the meteor. 
There will, of course, be no distortion from axial symmetry for tracks lying 
along a magnetic line of force. There is experimental evidence to show that 
the direction of formation of the trail relating to the direction of the 
terrestrial magnetic lines of force has considerable influence on the duration 
and intensity of an echo. 

(e) Variation of intensity and of frequency of the echoes with 
change of wavelength 

Since the voltage amplitude (F) at the receiver input is given by \/rc, 
r being the input resistance of the receiver, it follows from Eq. (35) that V 
varies as For the same meteor, therefore, the variation of echo 
strength with change of wavelength will follow this law. This check on the 
formula has been carried out by Lovell and Clegg [36]. The agreement in 
the range of wavelengths 1*4 m. to 8*3 m. is quite good. 

Apart from the variation of intensity of the echoes with wavelength, 
it has been found that the number of echoes depends very critically on the 
wavelength. During periods of no-shower, the number of echoes obtained 
on wavelengths below 6 m. is very few, and those that are observed have a 
high correlation with meteors that are observed visually. On wavelengths 
above 8 m.,.. however, during these same periods and with apparatus of 
equivalent seriritivity, the number of echoes is enormously increased. They 
produce an extremely high background in which the visual type of echoes 
are submerged. 

The increase in the echo-rate at 6 m. to 8 m. has been sought to 
be explained by the plasma resonance theory of ionized columns 
developed by Herlofson [41]. According to this theory the meteor trail 
behaves as a resonator for the longer wavelengths (when the value of the 
dielectric constant is near —1) and the echo strength becomes dependent on 
the angle between the electric vector of the incident wave and the axis of 
the trail. If the two are at right angles strong echoes are produced. The 
effect is ascribed to space charges induced in the boundaries of the trail as 
in plasma resonance studied by Tonks and Langmuir [42]. As the effect 
is more pronounced on longer wavelengths, the increase in echo-rate at 6 m. 
to 8 m. is explained. It may be mentioned that the dependence of the 
scattered intensity on the direction of the electric vector relative to the length 
of the column has been verified by laboratory experiments of BoQiell [42a]. 

It has also been found by Millman and McKinley [33] that on the 
lower frequencies, reflections may be obtained from a trail even when it is 
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not at right angle to the line of ‘sight’. Further, according to these authors, 
the initial column of uniform ionization changes rapidly to one of localized 
concentrations of electrons. Hence, while on higher frequency only the 
‘right angle’ reflection is observed, on lower frequencies a multiplication of 
echoes may be obtained. These phenomena also help to explain the increase 
in echo rate when the exploring wave frequency is lowered from 72 Mc./s. to 
36 Mc./s. 

(/) Measurements of height and range 

The outline of a method for measurement of the height and range of 
meteor trails from observations made at a single observing station as 
developed by Clegg and Davidson [43] is described below. The method is 
based on the spaced aerial method for height determination as used in radio 
location work [44]. 

The region of the sky to be explored for meteors is flooded with ‘pulsed ’ 
radiation from a suitably directed transmitting antenna. Two receiving 
aerials, Ri and moilhted at different heights above a reflecting surface 
pick up reflected waves from meteor trails (see Fig. 17). Each of the two 




Fio. 17. Illustrating the method of estimating the angle of elevation of a meteor 
trail from the scattered signal received simultaneously by two aerials, one situated 
above the other over a reflecting surface. 

aerials receives the waves sent out from the meteor trail (at an angle of 
elevation ^ above the. ground) by two paths — one direct and another 
indirect via the reflecting surface. (In the figure the two paths ABR^ and 
A'B^R^ are shown for the aerial R^.) The signal strength in each of the 
aerials is thus determined by the superposition effect of these two sets 
of waves. But, as the phase differences between the direct and the in- 
direct waves are different for the tw'o aerials, the signal strengths are 
also different. And, since the phase difference depends on the angle 
of elevation, the ratio of the signal strengths from the two aerials is 
a function of 0. This function is easily calculable and hence the ele- 
vation of the reflecting point of the meteor trail can be determined from 
a measurement of the signal ratio. In practice, on account of different 
directive properties, the gains of the two aerials vary with the direction 
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^ in different manners. But as these are oaloulable from knovn parameters 
of the system, the relationship between (r) the ratio of the effective gains 
Oii^) and of the two aerials and the elevation angle ^ is easily 
establidied. 



S'xo* 18* Dispositioii of tnuoamitter^ recoivers and transnitting and recoiving aerialB 

for measuring the angle of elevation of a meteor trail, pgra is -ground surface 

covered by wire mesh. (After Cleggs and Davidson.) 

Kg. 18 shows the layout of the arrangement. The hut A houses the 
pulse transmitter Tx <uid the receiver Sx> These are of conventional 
design as used in radar work. The transmitter wave frequency is 60 Mo./s. 
(A as 6 m.). The pulse duration is 8 microsec. and the peak power 100 kW. 
The receiver amplification is linear and its sensitivity is such that 2fi V rignal 
input doubles the signal to noise ratio. The transmitting aerial T consists 
of a horizonta^folded half-wave aerial at a height of f A above the ground, 
with a refiector to give minimum backward radiation. It floodlights the 
northern quadrisphere of the sky. 

The two receiving aerials Bi and are similar to the transmitting 
aerial. The distance between them and the hut A is about 200 ft. The 
two aerials are mounted on posts 20 ft. apart and at heights, normaUy 
} A and } A. In front of the aerials is a plane macadamized square jpgrs 
with sides 100 ft. in length. It is covered with wire mesh to form a reflecting 
surface for the received waves. (See Kg. 13; the black rectangular patch 
' at top right.). The hut B contains two pre-amplifiers Pi and to which 
the receiving aerials Bi and J2| are connected. The signals pass from here 
to the receiver Bx through a common co-axial cable. The pre-amplifiers 
are suppressed alternately at a frequency of 25 cyc./sec. by multivibrator 
pulses sent out from the hut A. The same multivibrator pulses are also 
applied to the Z-plates of the cathode ray oscilloscope connected to the 
output of the receiver. The receiver being energized alternately by the 
two aerials Pj and B^ displays the echoes from the two aerials side by side 
and allows visual comparison of the relative amplitudes. (The fourth aerial 
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C is mounted for purposes of calibration to equalize the gains of the two 
pre-amplifiers Pi and P% by observing the signals on the duplicate oscillo- 
scope D connected to R,) 



Fio. 19. Variation of the ratio r of the efiective gains of the two aerials Ri and R 2 
of Fig. 18 with elevation. (After Clegg and Davidson.) 

Fig. 19 shows the theoretical relation between the ratio of the effective 
gains of the two aerials ^2 elevation angle 

The aerials receive waves scattered back from all parts of the ionized 
meteor trail. But, as already explained, it is only the part of trail nearest 
to the observer — ^the * reflecting’ point, that is effective in building up the 
received signal strength. Hence, the amplitude of the received echo may 
be taken as proportional to the power gain in the direction ^ of the 
’reflecting point’ for either aerial and this direction is obtained by reading 
the graph. 

Simultaneously with the elevation, the range is also measured from 
the time-delay of the received echo. From these two data the height of 
the ’reflecting’ point of the trail above the surface of the earth is easily 
calculated. 

The authors have discussed the limitations of and the errors in the 
method employed by them. The greatest uncertainty is in the estimation 
of the ratio r. The consequent error in estimation of ^ and hence of the 
height is ±4 c^nt. The error in range measurement is km. Errors 
due to the imperfection of the reflecting surface and to the coupling of the 
two aerials are negligible. 

The equipment has been used for measuring the heights of the ’reflecting 
point’ of the meteors in the Quadrantids shower of 1940, January 3-4. 
The height distribution as obtained agreed well wit^ the distributions of the 
heights of appearance and disappearance determined visually. The heights 
of the daytime showers of 1949 were also measured (see sub-sec. (A) ). 
There is naturally no means of checking these latter results with visual 
observations. But the height distribution, as obtained, is the same as 
expected for meteors of medium velocity. 

8 
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(^) Determination of meteor radiants 

The property of a meteor trail giving broadside ^reflection’, coupled 
with the fact that the meteor radiant moves across the sky with the rotation 
of the earth has been utilized for determining the position of the radiant 
on the cdestial sphere. We describe here the main principles of two 
methods that have been developed for such determination. For fuller 
accounts the reader is referred to the original papers. 

The first determination of meteor radiants was made by Hey and 
Stewa^ [37]. They employed three observing stations situated at three 
comers of a triangle-— about 100 km. apart (South-East England). The 
direction of the aerial beam at each of the stations was so adjusted that 
the beams intersected at a height of about 100 km. above the ground. As 
the radiant moved across the sky, the meteor trails produced echoes at the 
three stations, not simultaneously, but in succession as the trails became 
oriented at right angles to the respective aerial beams. From the diurnal 
variations of the mean hourly rates of the echoes at the three stations, the 
position of the radiant could be approximately determined. 

A more accurate method of determining the radiant is, however, due to 
Clegg [46]. The method is also more convenient as only a single observing 
station is required. 

Var determining the right ascension of a radiant the transmitted beam 
is pointed towards the east. Then, since the meteor trails must pas$ at 
right angle to the beam to produce the echoes, the echoes appear only 
when the radiant has moved to a position due south. Now, as already 
mentioned, the majority of the trails occurs within a limited range of 
heights round 100 km. (sub-sec. a). This limited zone intersects with the 
aerial beam. From a consideration of the geometry of this intersection it 
can be sho^ra that the frequency of the echoes will be highest at long range 
and that as, with the rotation of the earth, the radiant moves towards 
the west the range of the echoes will steadily decrease. These variations 
in the echo rate and range are observed experimentally. Hence by noting 
the time at which the long range echoes first appear, the time of transit of 
the radiant is obtained and the B.A. calculated therefrom. 

For determining the declination of the radiant, the aerial beam is now 
rotated through some angle 0 towards the south. The beam is thus again 
in advance of the radiant. The echoes again appear at long range as the 
radiant moves into the position at right angles to the new direction of the 
beam. Thep^ as the radiant moves still further to the west, the ranges of 
the echoes decrease. One thus has the times of the first appearances of 
long range echoes at two positions separated by the an^e 0. The declina- 
tion is now calculate from this time interval and the angle $ through which 
the beam has been swung. 

The accuracy of the method depends on the rate at which the echoes 
are received, on the width and the elevation of the aerial beam and on the 
declination of the radiant. It has been found that the changes in the range 
8b 
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and in the rate of ooourrencee of the echoes become rety marked when the 
beam is narrow horizontally and is directed at sufEidently low elevation. 
With an aerial system whose half-amplitude beam width is ±10°, the 
probable wrcnrs in right ascension and declination are ±2° and ±3° respec- 
tively. 

(A) Daylight meteor showers 

Visual observations of meteoric phenomena are necessarily confined 
only to dark and clear nights. Observations by the radio method, however, 
do not suffer from these limitations. Meteor echoes may be obtained 
through ovOTcast sky and in daylight hours. 

Radio echoes on 4-2 m. observed during daylight by the Manchester 
(Jodrell Bank) group of workers from 1947 onward have been interpreted, 
aftw careful consideration, as due to a series of meteor streams [37, 46, 46, 
47, 48]. The radiant points, the durations and the hourly rates of these 
streams have been determined. They occur between May and August. 
Their radiant points lie in a narrow strip of the celestial sphere extending 
irom 330° to 120° right ascension, situated a little to the north of the ediptic. 
The streamers are very active with hourly rates which may be compared to 
those of Perseids and ^minids showers. There were several occasions when 
two or three of these showers were active at the same time. 

The remarkable features of these daylight streams are their duration — 
more than three months, and constancy in the distance from the sun of the 
main radiant point. . No satisfactory explanation of these phenomena has 
yet been offered. 

(f) Measurement of meteor velocities 

Three techniques of measuring the velocities of meteors by radio echoes 
have been developed. We describe briefly the principles of these techniques. 
Vor the details the reader should consult the original papers. 

The direct and straightforward method of measuring velocity is to 
record the time-range curve of the end-on echo from the advancing head of 
a meteor trail. [See sub-see. (6)]. Hey [49] had been the first to measure 
meteor velocity by thu method. The technique was later developed by 
Hey, Parsons and Stewart [60]. These authors used waves on 70 Mo./s. 
and, as such, the end-on echoes were rather rarq. Millman and McKinley 
using wave on 30 Mc./s. made a large number of time-range records of such 
waves [33; 61, 62]. Ilg. 20, Plate V, is a reproduction of one of the records 
obtained by MOlnuMi and McKinley [62]. It is a rare reccwd in which both the 
approach and regression of the head of the meteor trail are observed. The 
vdootty (ff the meterw can be determined since the rec<»d enables the 
range to be measured against time. 

The second method, developed by Davies and Ellyett, is very interesting 
and may be called the Fresnel zone method [63]. Briefly, the method 
is as follows. 
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Oonaider fig. ^ where XY ia the trail of a meteor. Let us rappoae 
that the meteor^itlU is growing near the foot of the perpendieular P. We 
have alread7>«E»lained that the echo amplitude at the reoeiTing p<dnt 0 
is dstarmiura by the supeipositimi of waves sent out firom the suooessive 
Fresnel semes m the trail and that it is <mly the sones near P that are ^eottve 
in determining the echo intensity. It is l£ns evident that as more and more 
zones grow near P the amplitude at O will fluctuate, increasing or decreasing 
according as an odd or an even number of zones come into operation. The 
fluctuations are, in fact, similar to those observed near the line separating 
the geometrical region of shadow from that of light in the optical diffiraction 
pattern by a straight edge. 

For measuring the velocity, this intensity fluctuation is recorded and 
the rate at which the maxima succeed one another is measured. From 
this and knowing also the dutance of the trail and the wavelength employed, 
the rate of growth of the trail (that is, the velocity of the meteor) is 
calculated. 

For obtaining these data it is necessary to record automatically the 
range, amplitude, duration and variations in the strength of the echo within 
the first few milliseconds of the short span of the life of the echo. Signal 
strength variations are to be measured at milliseconds intervals, and, this 
can be done satisfactorily only by recording the amplitudes of successive 
received pulses with pulse recurrence frequencies of the order 500 to 1 ,000 
per second. Such high recurrence of pulses, hoover, introduces difficulties 
in range measurements. The meteor echoes are commonly observed at 
ranges of 900 km., and the time interval between transmitting a pulse and 
recriving thB echo becomes several times the interval between the pulses. 
But, notwithstanding these difficulties, apparatus has been designed by 
which it has been possible to record the fluctuations of the echo strength 
with the growtii of the trail (see lig. 21 Plate V). 

The technique was first applied to the determination of meteor velocities 
during the Qeminid shower, December, 1947. The vdodty of the main 
group in the shower was found to be 34*6 km./sec., with perhaps a sectmdary 
group at 39*3 fcm./sec. Velocities of meteors during daylight showers of 
1948 have also been measured. It is to be noted however that for various 
reasons the Fresnel zone effect can be distinguished only in a small pweentage 
(6*3 per cent) of the recorded echoes. 

The third method which may be called the radio Doppler method 
was first envisaged by Chamanlal and Venkataraman [64] and has been 
developed in recent years by Manning and his coUalxnatiHrs at Stanford, 
U.S.A. [66]. 

If continuous wave is used fw end>on refiectiem firom the head of a 
metem trail, then the fireqnency of the reflected wave, since the reflecting 
surface is in motion, shows a Doppler shift. The reflected wave if 
heterodyned with the incident wave (intensity suitably supjHessed) produces 
a beat .frequency lying usually within the audible range. A little con- 
sideratim diows tlmt if the direotion of the trafl does not coincide with 



Plats V 



Fig. 20. End-on ra<lio echo record from licad of a meteor trail. Illimtratos the 
approach and regression of tlie head. The velocity of the meteor f‘an bo dotor- 
mined from the record, (Aft<'r Miilman and McKinley.) 



FlO. 21. Fluctuation of the echo strength with the growth of the meteor trail 
illustrating the ‘ Fresnel Zone * effect. (After Davies and Ellyett.) 
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the line of dwn, aa the head of the (veil adyanoee, tiie oomponetit 
veloeity of the head in tiie line of si^t gradually deoreasee^ becoming aero 
yrhen tiie meteor trail is petpendioular to the line of sight [06]. The pitdi 
of the beat note therefore decreases as the metew adyanoesj and jffoduoes a 
(diaraoteristio idiistle which has been termed 'meteor whistle*. 

These whistles were noticed even by early radio observers. In 1921 
Fidurd discovered that a sharp hiss could be heard in a highly sensitive 
receiver in exact coincidence with meteors [30]. Chamanlal and 
Venkataraman working at Delhi, India, rep<»ted in 1941 that weak hetero- 
dyne whistles were audible in a receiver tuned to the ctaxieit wave on a 
nearby short wave transmitter radiating on any one ci the frequendes 6, 7, 
li: and 16'Mo./s. [64]. In most cases the whistle appeared as high jdtdied 
note which rapidly descended in pitch and &ded away on reaching sero 
frequmcy or, sometimes before that. The duration of the whistles varied 
from approzihiately 1/6 second to several seconds. These whistles, the 
authors ascribed to beats betweoa the direct wave and wave reflected from 
meteor with Doppler shift. They also attempted to make an estimate of 
the meteor velocity by assuming that the decrease in pitch was due to the 
velocity of the meteor being rapidly reduced. We know now, however, 
that this view is wrong. The meteor velocity remains sensibly constuit 
and, as explained above, the descending pitch is due to the reduction of the 
component velocity in the line of sight [66]. 

As already mmitioned Manning and his coUaboratcnrs at Stanford* 
U.S.A., have made systematic study of the metew whistles and have obtained 
meteor velocities therefrom. Di one of their test experiments, the trans- 
mitter and the receiving S 3 rstem were 4 km. apart. Continuous waves of 
frequencies 23*1 Mo./8. and 30*66 Mc./s. were used. The radiated power 
was of the order of a kilowatt. The direct ground signal (with largely 
reduced intensity by suitable devices) was allowed to best with the r^eoted 
meteor signals. Suitable reomding devices were connected to the receiver 
output so that Doppler shift of frequency from sero to about 1 ,600 cydes/sec. 
could be recorded for study. 

For determining the .velocity it is necessary to know the distance of the 
meteor ficom the observii^ station. This was found by working simul- 
taneously with a pulsed transmitter on 17 Mo./s. The pulses were of 
160 mloro-seoohd duratimi with peak power about a kilowatt. 

If the rate at which the pitch is fallfag is known then a rdation between 
this quantity and the velodty and range of the. meteor is eatily obtained. 
Thus, ' 

e-C-AAF/fl)*, 

^diere r is the velodty, /o the dope with which the pitdi approaches sero, 
A the wavelengtii and B the range the meteor. In the observations made 
very gotd idots of Doppler-pitch versus time have been obtained and the 
naeteor vdodties calenlated therefrom. 
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The authors daim that the method is remarkably accurate and reliable, 
the deviations, as observed for the set of measurements carried out during 
Praseid shower of August ^1, 1948, being only a few per cent. 

An interesting point regarding the times of detection* of the ‘broadside* 
and the ‘end-on’ reflection effects, flrst noted by Appleton and Naismith 
may be m«a1ioned [66]. Prom Pig. 14 it is clear that the meteor whistle 
will commence even when the head of the trail is far away from P, the point 
of broadside reflection. The meteor whistle will therefore precede the 
broadside burst of echo. This is what has been observed by Manning et ai. 
and by previous workers. 

It should be mentioned, however, that there has been a different 
interpretation of the origin of the meteor whistle. According to McKinley 
[67], the majority of the ‘Doppler whistles* are not due to Doppler shift at 
all, but are due to ‘the intensity and frequency changes during the Presnel 
zone formation and are, in fact, the audible continuous wave counterpart 
of the diffraction phenomena discussed above*. Beal Doppler whistle is a 
rare phenomenon and is found only in cases of very intense ionization. It 
has also been found that there is little difference in the velocities (except 
near the point of broadside reflection) as derived from either assumption on 
the mode of production of the whistle. 



CHAPTER IV 


THE OZONOSPHERE 
1. INTRODUCTION-HISTORICAL 

Since the early days of spectroscopy, it has been known that the solar 
spectrum is cut off rather abruptly near 2900A (Eig. 1). The abrupt' ending 
is now known to be due to strong absorption by ozone in the atmosphere, 
the strongest part of which lies in the spectral region 2200A to 2900A. The 
ozone is spread in a diffuse layer between 10 and 60 km. above the sinfiMe 
of the earth with its centre of mass lying at abdut 26 km. The thinlnm— of 
the layer reduced to S.T.P. is small, and variable— ranging from 1-6 mm. 
to 4-6 mm., averaging 2-6 mm. (The amount may be compared with that 
of such minor constituent of the atmosphere as carbon dioxide, the equivalent 
thickness of which at S.T.P. is 2-4 mm.) The ozone layer, or the otcnotj^urt 
as it is called, acts as a heat reservoir in the middle atmosphere »»»d is 
responsible for the rise of temperature discussed in Chapters IIIA and nTR . 



Fra. 1. niuatratiiig the abrupt ending of the solar qpeetnim near StOOA (continuous 
line). The steep part of the eontinuons line curve fdioles) is ftommeasursnents 
of Abbot [1] in the ultraviolet. The brohen line curve shows the spectral disiri* 
bution of energy for the sun at 6000*K. The cr osses in dicate the absorption by a 
layer of ozone 0*8 cm. thick. The cloae parallelhsn of Uie last named curve with 
the steep part of the solar curve shows that the suddap decrease of the energy in 
solar spectrum near gOOOA is due to oaone absorption. (After Abbot.) 

Cornu in 1878 first suggested firom his obsCTvations on the limitation of 
the solar qiectmm towards the ultraviolet that this was due to abstnption 
in the tenestiial atmosphere. The agency causing the absorptitHi was 
suggested by Hwtley [2] to be oeone when in 1880 be discovered the 
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absorptioii bands associated with his name, extending from 2100A to 3200A 
This Tiew was strengthened in 1890 when the so-called Huggins bands were 
discovered in the spectrum of Sirius [3]. It was subsequently proved that 
these bands were due to absorption in the terrestrial atmosphere and that 
the particular gas responsible for their production was ozone. In 1917, 
experiments by Fowler and Strutt (Rayl^gh) [4] gave the most conclusive 
evidence regardii^^ the limitation of solar spectrum by ozone absorption. 
They compared the absorption spectrum of ozone with the spectrum of 
Sirius in the ultraviolet and proved definitely that atmospheric ozone is 
the effective agency in fixing the limit of solar spectrum towards shorter 
wavelength. 

It was at first believed that the absorbing ozone was distributed in 
the atmosphere near the surface of the earth. Attempts were made, in fact, 
to extend the solar spectrum towards the ultraviolet by taking spectral 
photographs on mountain tops. It was soon discovered, however, that the 
solar spectrum could not be extended in this way. A natural conclusion 
of this was that the atmospheric ozone responsible for limiting the solar 
spectrum is situated in the high atmosphere. The first quantitative 
estimate of the height of the ozone layer was made by Strutt (l^yleigh) [6]. 
in 1917 from observations on the spectra of the rising and the setting sun. 
He concluded from his measurements that the ozone could not be distributed 
uniformly in the atmosphere and that the ozone layer lay between 40 
and 60 km. above the sea-level. Later measurements by improved tech- 
nique {vide infra) by G5tz, Meetham and Dobson [6], showed that the 
atmospheric ozone is situated at a lower level and is distributed between 10 
and 60 km. with a maximum at about 25 km. A brilliant confirmation 
of the existence of ozone in the upper atmosphere has been furnished by 
the balloon experiments of E. and V. H. Begener [7]. The sounding balloon 
carried a spectrbgraph with automatic recording arrangement. The highest 
ascent was up to 31 km. The registered spectra show'ed that v^ith the rise 
of the balloon, as more and more of ozone was left below, the spectrum 
gradually extended towards the ultraviolet (Fig. 4). 

2. ABSORPTION SPECTRUM OF OZONE 

The strongest and the most important of the absorption bands of 
ozone is the Hartley band system in the ultraviolet responsible for the 
abrupt ending pf the solar spectrum at 2900A [2]. Underlymg the Hartley 
bands there is an absorption continuum. Besides these bands in the 
ultraviolet, there are other band s 3 rstems, much u^aker, in the visible 
and in the infra-red regions. We give below short descriptions of the band 
systems in the different regions. For more detailed accounts the reader 
should consult references [8]. 

(a) Ultraviolet region 

As mentioned above, the dominant band system in the ultraviolet is 
the Hartley band system extending from 2100A to 3200A. The bands 
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have a rather diffnae stmoture and appear against a badkground of oon- 
tinnoiu absorpti(m. The lattor has a high abswption ooeffident ranging 
bcm 74 om.'i at 2340A to 16 cm."* at 2130A. The strong absorption by 
ozone 'was first measured by Fabry and Buisson [9 a] and later by Lajllohli 
[9 6]. In Fig. 2 are depicted the absorption values obtained by Ny>TBi-Z6 
and C9ioong>Shin-Piaw [10] and Cihalonge and Lefebre [11], It gives the 
variatiop of the absorption coefSdent of the Hartley bands with 'wavelength 
and shows that the absorption is very strong. 



Fia. 2. Afasoiption by ozone in the ultraviolet. The strongest absorption is due to 
the Hartley bands. (Note that for the diilerent regions, different ordinate soales 
have been used). The portion of the curve towards long wavelengths, S400A to 
3600A is drawn after Chalonge and Lefebre [11]. The rest of the curve is after 
Ny>Tsi-ZS and Choong-Shin-Piaw [10]. 

Overlapping the Hartley bands in the long wavelength side and 
extending beyond it are Shaver bands and Huggins bands [3]. Shaver 
bands overlap the Hartley bands on their long' wavelength side. Huggins 
bands occupy the region 3200A to 3600A. Contrary to Hartley bands, the 
Huggins bands are sharp, the heads being towards the red. The absorption 
coefficient of these bands is very small compared to that of Hartley bands 
(Fig. 2). 

(A) Visible region 

The absorption of ozone in the 'visible region between 3600l and 4600A 
is extremely small. It appears, however, that this region has not been 
thoroughly investigated, j^yond this region comes the Chappuis diffuse 
band system extending from iSOoA to 6600A. According to Colange [12], 
the absorption coefficient is very small, the maximum being only O-OS cm.~* 

at eiooA. 

(e) Red and Infra-red bands 

The band systems in the red and infra-red have been studied by 
Haris [13] and also by Hettner, Pohimann and Schumacher [14]. Three 
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band systems are known. The absorption maxima of these lie at 4*7/a, 9‘6/i 
and 14-1/i and the values of the absorption coefficients are 0*13, 0*22 and 
0*70 cm."i respectively. 

(if) Effects of temperature and pressure on absorption bands 

The effects of temperature and pressure change in the absorption band 
spectrum of ozone have been studied by various authors in the different 
spectral regions — ^infra-red, visible and ultraviolet. We give here briefly 
the results of study in the ultraviolet region as that is of the most inter^t 
to us. Wulf and Melvin [15] carried out observations in the range of — 78®C. 
to 250^C. and found that when the temperature was lowered the Hartley 
bands between 3400A and 2900A exhibited strengthening in the maxima 
and weakening in the space between the bands. Vassy [16] has also 
investigated the temperature and pressure effects with great care between 
— SO'^C. aW 20°G. and between 760 mm. and 10 mm. respectively. The 
pressure change had practically no effect. Contrary to the results of Wulf 
and Melvin, Vassy did not And any change in the maxima of absorption; 



Fig. 3. Absorption by oione at diflerent temperatures. The continuous curve depicts 
the variation of osone absorption at ordinary temperature (16'’C.) within the wave- 
length range indicated (after Ny-Tsi-ZA [10]). The circles represent the absorption 
coefficients as obtained from observations on the blue sky. The crosses are for 
oBone at — 80*G. (after Vassy [16]). It will be noticed that with the lowering of 
temperature the values of minima are lowered. 

the minima, however, became more transparent particularly towards the 
long wavelength sid6 (Fig. 3). The change was further found to be linear 
with the temperature. Inspection of Fig. 3 shows that the average 
temperature of the atmospheric ozone layer causing absorption should be 
much lower than the laboratory temperature (15^G.).* This is as it should 
be, because, we shall presently see that the main concentration of ozone is 
in the low temperature region of the stratosphere. 
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3. VERTICAL DISTRIBUTION OF OZONE--EXPERIMENTAL 

METHODS 

(a) Introduction 

The distribution of ozone in the middle atmosphere can be obtained, 
(i) directly, with the help of sounding balloons carrying self-registering 
apparatus, and (ii) indirectly, from spectro-photometric study of the direct 
or scattered sunlight in the ultraviolet near the limit of the solar spectrum. 
The method of sounding balloons, though direct and reliable when the 
recording apparatus is properly designed, has been used only on rare 
occasions. This is because the balloons and their equipment, besides being 
expensive, require elaborate preparation for their flight [17] and even the 
best designed ones have not been able, till now, to penetrate the topmost 
layers of the ozonosphere. Further, they are inconvenient for day-to-day 
measurements. The most efiective and practical method for studying the 
ozonosphere which has been developed* in recent years, since its first 
application by Fabry and Buisson in 1921 [18], is the spectro-photometric 
method [19]. The essential principle of the method — as its name implies— 
consists in comparing the intensities of the direct or scattered sunlight in a 
region near the strong absorption bands of ozone, for different zenithal posi- 
tions of the sun. Proper interpretation of the results yields the effective 
thickness, the height as also the distribution with height of the ozone layer. 

(3) Sounding balloon method 

The earliest of the ozone measurements by sounding balloon is 
that of E. and V. H. Regener [7, 20]. On June 26, July 7 and 31 in 1934, 


Fio. 4. Solar spectrum record- 
ed in spectrograph carried by 
Regeners* balloon. As the bal- 
loon rose, more and more of 
the absorbing mass of OBone 
was left below and the spec- 
trum extended towards the 
tdtraviolet. 
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the Begenere sent up at Stuttgart, Germany, registering balloons carrying 
automatic quartz spectrograph, which reached up to heights 21, 20 and 
31 km. respectively. The photographic plate registering the spectra moved 
every few minutes. Two barographs and a thermograph also recorded 
pressure and temperature on the plate. 

Fig. 4 shows the photographs of solar spectrum as obtained on July 31, 
when the balloon attained the highest altitude. The extension of the 
spectrum towards the ultraviolet with the rise of the balloon is clearly seen. 

The amount of absorption at any height and hence the thickness of the 
ozone layer above that height is obtained from the steepness of the darken- 
ing of the plate towards the ultraviolet and the known absorption 
coefficients^ 



Fio. 6. Ozone diatribution with height as calculated from steepness of blackening 
in the ultraviolet of the solar spectrum photographed in balloon flights made at 
New Mexico, U.S.A., in 1960. The abscissa indicates the thickness, reduced to 
S.T.P., of the ozone as exists in a layer one kilometre thick at a given altitude. 
(After Regener.) 

It will be noticed that at 29*3 km. — ^the highest point where the spectrum 
was photographed — ^the plate is blackened up to 2875A. The limit was 
reached with an exposure of 10 minutes only with spectrograph of small 
light gathering power carried in the balloon. On the other hand, with an 
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apparatus of large light gathering power and with several hours of exposure 
at Arosa, 65tz [21] was able to extend the solar spectrum up to 2863^, 
only a few Zngstrdms lower than the limit reached by the Begeners. It 
should, however, be mentioned that when the ozone content is small the 
spectrum can be extended towards the ozone absorption region with com- 
paratively small exposure. Ghiplonkar [21 a], for instance, working at 
Bombay was able to record the solar spectrum up to 2874A, with an 
exposure of only 10 to 15 minutes using a simple Dobson spectrograph. 

Ozone measurements from solar spectral photographs obtained in 
balloon flights have also been made at New Mexico, U.S.A., by V. H. 
Begener [17]. The balloons went well above the ozone maximum and the 
highest altitude reached was 32 km. Ozone curves as evaluated from the 
results of four flights (1950) are depicted in Fig. 5. The trends of the 
curves generally follow those obtained previously and show the marked 
day to day variation of the distribution and total ozone content. There 
were strong winds in the stratosphere on the days of the balloon flights. 
But no immediate relationship between the ozone distribution and the 
wind was apparent. 

Extension of the solar spectrum beyond the ozone absorption limit as 
recorded in the V2 rocket flight and the ozone distribution curve deduced 
therefrom will be discussed in Chap. XII. It may be mentioned here that a 
dip at a height of about 21 km. has been observed in the ozone-distribution 
curve from the rocket flight. Such double-peak distribution, associated with 
abnormally high total ozone content, has also been recorded in observation 
by the ^Umkehr’ method (vide infra). 

(c) Spectro-photometric methods 

(i) The earlier method of Fabry and Buisaon , — -Fabry and Buisson [18] 
were the first to determine the equivalent thickness of the ozone layer. 


ZEWTH 



Fio* 6. Illustrating the principle of determining the equivalent thickness (x) of the 
osone layer after Fabry and Buisson. 

The principle of their method will be evident from Fig. 6. 00 represents 
the ozone layer at height h above the surface of the earth. The meanings 


126 


UPPER ATMOSPRERE 


OSAP. IV 


o£ the other aymbols are evident. Let the optical thifthnwaa of the layer 
be a; for vertical incidence {Z at 0) and I for incidence at an angle Z. ^e 
following relations hold, as long as 2 is not very large: 

l = »ooox, and 

It is evident that as the zenith angle Z increases, the solar rays reaching 
the observer have to traverse greater and greater thickness through 
the ozone layer. Now, if / be the intensity of a wavelen^h of direct solar 
light measured at the sur&ce of the earth and Jo that before its incidence on 
ozone layer, then 

log I = log lo-al 

s log / q— OCX sec Xt (1) 

where a is the absorption coefficient of ozone for the wavelength under 
consideration. In principle therefore, x — ^the equivalent thickness— can be 
determined from two observations on the intensity of a particular wave* 
lengtii measured at two zenithal positions of the sun. 

In the actual experiment the solar spectrum is photographed fw various 
zmiitiiab positions of the sun and intensities of a number of narrow wave- 
length ranges near the ultraviolet end of the spectrum (where the ozone 
absorption begins) are measured. Ratio of the intensities of a wave band 
for any two zenithal positions of the sun gives the data necessary for 
calculating the ozone content. For greater accuracy a number of such 
comparisons are mads. It should be noted that in conducting one set of 
observations thron^out a whole day it is assumed that the ozone content 
does not vary from hour to hour. 

(ii) Improoemmla by Dobson and Harrison. — ^In the above simple method 
it has been tacitly assumed that the only agency for reducing the intensity 
of solar rays traversing the atmosphere is ozone absorption. There are, 
however, other footers which cause reduction of the intensity of the rays. 
The solar rays in their passage through the atmosphere suffer Rayleigh 
scattering, i.e., scattering by the air molecules. Nearer the surfooe 
of the earth thme is also a large amount of loss due to scattering by large 
particles of dust and water. It is easy to see that both these scatterings 
depend upon the positimi of the sun. Fabry and Buisson in their 
experiments took account of loss by molecular scattering but did not do so 
for scattoring by large particlee. In the method of computing the 
equivalent amount of ozone devised by Dobson and Harrison [22] to 
be described presently, the effect of scattering by large parrides is auto* 
ntatioally diminoted. The principle of the method is as follows: For any 
wavelenj^ we have from Eq. (1), 

log Jq— log / » OCX sec xv 

if only ozone absorptkm is present. When losses due to the scattering 
p r o oe as o s are considered the above relation becomes 

log Jq— log / B (jS-l-8) sec Z-l-oexaeo Xt> 


( 2 ) 
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when p and 8 are scattering coefficients of the vhole atnuxqihere (Z ■■ 0) 
for Rayleigh scattering and ioc scattering by large particles respeotiTely . 

Rot a second wavelength, 

log /o'— log /' ■* (/^+8) sec Z+a'x ceo (3) 

8 js assomed to be same for wavelengths not much separated. Rrom (2) 
and (3) we get finally 

log ///' = log /o//o'— («—«')* sec x»— 08— /S') sec Z. . . (4) 

Thus, relation (4) does not involve 8 and the value of x may be determined 
if we know the values of a, a', P, j3', log IjV, log /o/Zq' and Of these a and 

«' may be obtained firom laboratory experiments. The other quantities may 
be evaluated if a swies of direct sun observations for log ///' is made on 
a day of uniform atmoi^herio conditions. It is of course assumed that 
during the period of observation x and h remain constant. In Rig. 7, 
curve (a) is a t 3 rpical plot of a series of observations showing the variation 



Fio. 7. Illustrating how x and 
h may be obtained ftom a plot 
of log ///' against sec E (curve 
(a)) I is the intensity of light 
strongly absorbed (A 3110) and 
r that weakly absorbed (A 
3290). (After Q5ts, Meetham 
and Dobson.) 


of log Ijr with sec Z. The process of obtaining x and h from this curve 
is as follows [6] : 

Curve (6) is first derived from curve- (a) by adding to each ordinate the 
corresponding ()3— 'jS') sec Z, (The values of and are obtained theoreti- 
cally from ]^yleigh’8 formula for molecular scattering.) Curve (6) thus 
represents the variation of log x* with sec Z. 

The abscissa sec Z is now replaced by sec ^nd curve (c) is drawn. 
Now, this curve (c) ought to be a straight line if the value of h assuxned'in 
see Xa ^ value. In actual practice therefore, a number of curves 

such as (c) is drawn for different assumed values of h and the value cor- 
responding to the particular curve (c) which is a straight line, is taken as 
the true value of h — the height of the ozone layer. 

The finally selcipted c-curve, produced to meet the axis of log Ifr, 
gives the point which corresponds to the value of log x is finally deter* 

mined firom the slope of the line (c) whidi is (a— In practice, the 
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values of log IqIW ^ ^ determined for a number of days in uniform 
atmospheric condition. 

(iii) I7se of ihoiU>-doUric eeU — (he photo^ekdrie appanUua (Dcbeon),^ • 
A notable advance in the method of comparison of spectral intensities for 
atmoqiheric ozone measurement was made by Dobson [19] in 1931 by the 
introduction of photo-electric ceUs in place of photographic plates. The 
photographic methods, though they have some advantages, have dis- 
advantages also for daily routine measurements. They are therefore now 
discarded in favour of the photo-electric method. This method besides 
being very quick (only about 6 minutes sufficing for a complete set of 
readings) can be used either for the direct sunlight or for light scattered 
from the zenith sky and may even be employed when the sky is overcast 
with clouds. We shall see presently that the development of the photo- 
electric apparatus by Dobson has made possible the determination of ozone 
distribution with height by observation on the scattered light &om the 
zenith sky. 

The general principle of the photo-electric apparatus is as follows: 
A double quartz spectroscope isolates two narrow bands in the ultraviolet 
so chosen that the longer wavelength is very little affect^ by ozone 
absorption while the shorter one is greatly absorbed. Measurement of the 
ratio of mtenaities of these two bands allows one to calculate the amount 
of ozone through which the sunlight has passed. In order to determine 
this ratio, the radiations corresponding to the two wavelengths (3110A 
and 3290A) are made to fall alternately on a photo-electric cell, the alterna- 
tions being caused by a shutter rotating at a s^peed of 10 to 20 times per 
second. The less absorbed wavelength can be reduced in intensity by an 
adjustable optical wedge. The fluctuating output of the cell is amplifled 
by a four-stage low frequency valve-amplifier. If by adjustment of the 
wedge, the intensities of the two wavelengths falling alternately on the 
cell be equalised, then a steady current will flow into the input of the 
amplifier and no amplification will result. If therefore the wedge is calibrated 
beforehand, the ratio of intensities of the two wavelengths may be obtained 
from its setting when there is no amplification by the amplifier. The 
arrangements of the optical parts, the shutter and the photo-cell are shown 
in Fig. 8. 



Flo. 8. Illustrating the principle of Dobson's photoelectric apparatus for estimating 
the oione content ftom observations on the scattered light from the senith sky. 
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light enters the instrument through the window W and after passing 
through the dit 8i falls on the first dispersing system Di. The dits 82$ 
82 and 84 isolate three narrow bands of wavdengths SllO, 3290 and 
4435A respectiYely (the third one^ passing through 84^ is for measuring the 
transparency of the atmoc^here for wavelengths not afieoted by ozone 
absorption). The rays of wavelengths to be compared, on emergence firom 
slits 82 and 84^ faU on the second dispersing system Z>2 which is sifnilAr 
to Di and recombine on slit 84. The losses £1, L2 and 2 ^ ensure that 
the rays are properly focussed and pass through the slits accurately. 
For reducing the intendty of the longer wavelength by a known amount, 
two optical wedges to of neutral tinted gelatine are placed behind the dit 
^$3. d is the sector wheel with apertures 03 and which revolves close to 
the slit system and admits light alternately from 82 and 84. K is the 
commutator and M the driving motor for rotating the sector wheel. The 
commutator is mounted on the shaft carrying the sector and its purpose is 
to reverse the direction of the current from the amplifier output at right 
times and thus convert the alternating current into a pulsating unidirectional 
current which is read on a D.C. microammeter. 

The reason for using a double spectrograph is this. Since the intensity 
of daylight in the region 31IOA is very small compared to that at 3290 A, 
the light of latter wavelength scattered by the lens and prism surfaces would 
fall in appreciable proportion in the photo-ceU. With a double spectro- 
graph, however, the scattered light is dispersed again and only a negligible 
amount falls on the cell. 

(iv) Determination of vetiical distribution of ozone — Umkehr Effect . — 
We discussed in the previous section the methods of determining the 
equivalent thickness of the ozone layer and its average height. It is now 
natural to enquire how the ozone is distributed vertically in the atmosphere. 
A method of doing this was suggested by Gotz [ 23 ] in 1929 . He observed 
that the light scattered from the zenith sky is relatively richer in short 
wavelengths when the zenith distance of the sun is about 85 ^ than 
when it is smaller. He showed that if observations are made on the 
light scattered from the zenith sky after the photo-electric method of 
Dobson, the curve depicting the variation of —log IjT with (Z — zenith 
distance) is of the form shown in Fig. 9 . It will be noticed that the ratio 
of intensities (///') of the two wavelengths first decreases with the increase 
of zenith distance, attains a minimum when the zenith distance is about 
86 ^ and then increases. In other words, the scattered light from the blue 
zenith sky is comparatively richer in ultra vi(>let when the sun is setting 
than when it is higher up. The effect is called by Gotz * Umkehr Effect* 
and the curve the * Umkehr Curve *. Before discussing the actual method 
of computing the vertical distribution of ozone with the help of Umkehr 
curve, it would be useful to explain how this inversion takes place. 

The scattered light from the zenith sky differs in one important respect 
from that transmitted directly from the Sun. In the latter the hmgth of 
path through the ozone layer always increases with the zenith distance. 

9 
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Thus the ratio of inteiudtieB of two lines, SlloA and 3290A (the former 
greatly and the latter little absorbed) always decreases with the increase 



Fxo. 0. Illustrating the IJmkehr Efieot. Note how the intensity ratio Ijr (compare 
Fig. 7) at first decreases with the increasing zenith distance of the sun and that 
ixnmediately before sunset (or sunrise) it begins to increase. In the upper part of 
the figure the zenith angles of the sun corresponding to the values of 10-^ 
are given. (After Qdtz, Meetham and Dobson.) 

of zenith distance. In the ease of the light from zenith sky there is scattering 
at all heights from the direct solar beam and the amount of light &om 
any particular level reaching the ground will depend not only upon the 
length of path through the ozone layer but also on the amount of air available 
at that height for scattering. Thus, consider a thin layer at A in the region 
of ozone (Eig. 10). The amount of light from the layer will depend, 
firstly on the density of air at A and, secondly, on the absorption by ozone 
before and after scattering. Now consider another thin layer at B above 
A. ’Here the effect of the first will be to reduce and that of the second to 
increase the amount of light from B. The latter because the longer oblique 
path before scattering through ozone is replaced by shorter vertical path 
(after scattering). The reverse is the case when we consider a layer below 
A. Thus when the contribution from each layer is considered separately, 
the total amount of scattered light reaching the instrument is found 
to depend on two factors varying in opposite senses. One of these 
causes an increase and the other a decrease in the amount of light 
received as one goes higher up. Now, since at fihe surface of the 
earth we receive the integrated light from all the layers, it is obvious 
that due to the two counteracting effects most of the scattered light 

9B 
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teaching the inatrument will be confined to a limited space. The height 
of this region may be called the effective height of scattering. It is 
evident that the efifective height of scattering is greater when the 



Fzo. 10. llluBtrating how the intensity of the light scattered from the zenith sky 
depends upon the position of the scattering layer within the ozone region. 


zenith distance of the sun is large and also for the wavelengths which are 
strongly absorbed by ozone. Consider now the two wavelengths — SlloA 
and 3290A — ^the former strongly and the latter weakly absorbed by ozone. 
The effective height for SlloA is alwa 3 rB higher than that for 3290A. Now, 
near about sunset when the sun is a few degrees above the horizon the 
effective height for 3110A will be above the whole or at least the greater 
part of the ozone layer, while 3290A will be scattered much lower down. 
In such case, most of the absorption of 3110A by ozone takes place only 
in the short vertical path. Since this absorption path practically remains 
constant as the sun goes down the intensity of 3110A decreases much more 
slowly than that of 3290A. As a result of this the ratio of the intensities 
of these two wavelengths at first decreases with the increase of zenith distance 
of the sun; then, after attaining a minimum, increases again for larger 
values of the zenith distance. It should, however, be noted that it is only 
the ratio of intensities of the two wavelengths which increases and not the 
absolute intensity. This latter always decreases with the sinking of the sun. 

Observations on* days of uniform atmospheric conditions show that the 
shape of the Umkehr curve and therefore the vertical distribution of ozone 
depends mainly on the total ozone content. * 

It is to be noted that there is no strict mathematical method of finding 
the vertical distribution of ozone from a given Umkehr curve. Two 
different approximate methods have been developed, one at Arosa and the 
other at Oxford [6]. They give similar results and the principle of the 
method used at Arosa wOl now be briefiy described. 
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In this viethod the atmosphere is conveniently divided into five 
sections: — 

(a) Region between 2-^ km. 


(6) 


99 

5-20 km. 

(C) 

91 

99 

20-36 km. 

w 

99 

99 

36-50 km. 

(«) 

>9 

above 

60 km. 


It is assumed that in section (e) the amount of ozone is negligible. 
In accordance with measurements at the ground level the amount in 
section (a) is taken as 3 per cent (u) of the total amount. In section (6) the 
amount is :r—(xi + 0 : 2 + 1 ^), where and x^ are the amounts in sections (d) 
and (c) respectively and x — ^the total amount obtained from direct sun 
observations. It is further assumed that the ozone in each section is 
uniformly distributed. 



Fxo. 11. Illustrating how the 
ozone contents in the regions 
50—35 km. and 35—20 
km. (x^ can be evaluated by 
the graphical method of solu- 
tion. (After G5tz, Meetham 
and Dobson.) 


Thus there are two unknowns — Xi and x ^, — to be evaluated. For this 
purpose the values of log ///' for two different values of Z are calculated as 
follows: 

The amount of light dl reaching the instrument which was scattered 
vertically downwards at any height is given by 

dl = 10~^^ . 10"** .dxooiwt. 

Here the first factor on the right is proportional to the intensity of the 
light reaching the height in question by scattering; the second factor takes 
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into account the absorption by ozone of this light in reaching the 
instrument by being scattered vertically downwards. The symbols are : 

Scattering coefficient of the whole atmosphere for 760 mm. 
pressure, 

L — ^total mass of air traversed by the radiation 
= 1 +6/760 [/(Z)-l], 

6 — pressure in mm. at the height of scattering, 

/(Z) — ^Bemporad’s function which tends to sec Z as Z -► 0, 
a — absorption coefficient of ozone, 

I — ^length of path through ozone. 

Hence, the intensity I measured at the ground (of SlloA say) is given by 
I s=:Z10”^^.10“®^.6xcon8t. 

The above summation is carried out insteps of one kilometre from 2 to 65 km. 
It is seen that 2 is a function which contains the two unknowns and 
and also x and u, and may be calculated trigonometrically. The values of 
log Ijr for any two values of Z may then be deduced. From the observed 
Umkehr curve also two values of log ///' corresponding to the above two 
values of Z may be obtained. Two simultaneous equations are thus obtained 
which may be solved graphically as shown in Fig. 11 where X 2 is plotted 
against Xi for each value of Z. The point of intersection of the two curves 
corresponding to two values of Z gives the numerical solution of the two 
simultaneous equations. As a check, a third curve for a different value of 
Z is drawn. 

Evaluations of Xi and x^ give the * block’ distributions shown in 
Fig. 12. A smooth curve is then drawn keeping the amount of ozone 
in each section equal to that in the corresponding block. This distribution 
may be compared with that obtained experimentally by the Regeners [7, 17, 
20] (see Fig. 5). 

It wfll be seen that the average height of the ozone layer lies between 22' 
and 25 km. This differs from observations made by previous workers 
w'hich gave a value of about 40 km. It is further seen that ozone is not 
confined in a thin layer but is spread betw^n the heights 5 to 45 km. 

It is to be nested that the most probable distribution as obtained by the 
Umkehr method and as depicted by the smooth curves in Fig. 12 is not 
really so accurate as it appears to be. The height of the centre of gravity, 
however, is more accurate and can be relied to within a kilometre. 

The fact that most of the ozone exists between 10 km. and 35 km. 
may seem to contradict the hypothesis that the high temperature of the 
middle atmosphere in the region of 45 km. (as evidenced by the phenomena, 
of abnormal propagation of sound and of meteoric flashes, Chapters IIIA 
and IIIB) is due to absorption of solar radiation by ozone. It will, however, 
be shown in Sec. 5 that owing to the very large coefficient of absorption the 
heating effect of the absorbed radiation is confined to the uppermost layer of 
the ozone distribution. 
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(▼) OOur methods . — The average he^t of the ozone layer can also be 
determined by a simple method first -worked out by Strong [23a]. It has been 



Fio. 12. Variation of osone oontent with height os deteimined by Uinkehr Effect 
The curves are for Aiosa (Switeeriand). In (o), it is seen that the greatest 
amount of osone lies between 26 and SO km. The ratio of osone to air by volume 
is, however, not greatest at this height (see (6)). This is because of the decrease 
of atmospheric density with height. (After Odts, Ifeetbam and Dobson.) 

^o^ by Strong that the absorption by ozone in the infra-red 9-7 ^ band, 
varies, f<» a constant amount of ozone, as the fourth root of the total 
pressnie under which the ozone exists. The atmospheric absorption o£ tiie 
solar mfra-red radiation in this band is measured, and at the same timn the 
total ozone content by absorption measurement at the long wavelength 
edge of the Hartley band, as already described, is determined. I^om 
these two determinations theaverage pressure under which the ozone existed 
can be found and hence also the average height. The method does not give 
the distribution with hei|^t but has the advantage that the determination 
is made -with the help of one set of readings only. The diange in the total 
ozone oontent, as also the change in the average height, can thus be followed 
t^Ugh the daylight period. It is to be mentioned that the method employs 
direct sunlight and, is thus, inapplicable on doudy days. 

A novel metiiod of detenniiung the ozone distribution with hoi gb*- from 
observations of tiie eartii’s shadow on the moon during a inwar j. 

described in Section 9. 
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4. VERTICAL DISTRIBUTION— THEORETICAL METHODS 

(a) Theories of formation and destruction of atmospheric ozone 

FormcAion of ozone . — ^The primary reaction in ozone formation is the 
dissociation of O 2 . The oxygen atoms formed combine with O 2 to produce 
Os thus [24], 

Os+Av-^O+O 
O+Os+Jf Os+Jf 

where M is the third body which absorbs the extra energy and momentum 
[see Chapter X, Sec. 4(d)]. 

The collision of an excited O 2 molecule with O 2 may also produce ozone 
thus, 

02+02“^ (02+0) + 0 
= Os+O 
0+02+Jf Os+il/. 

The first reaction means that simultaneously with the dissociation, one of 
the oxygen atoms produced combines with the reacting O 2 to produce Os. 
The other oxygen atom then combines with O 2 by three»body collision 
process. 

Now, O 2 has the following absorptions in the ultraviolet which may 
produce Os by the above reactions: 

(1) Herzberg bands. — These are weak absorption bands in the ultra- 
violet converging near 2400 A. Warburg [24] was able to establish the 
formation of ozone by light of wavelength 2530 A. The radiation of this 
wavelength is unable to dissociate O 2 and the production of Os is accounted 
for by the following reactions: 

Og+Av-v02(*i:+) 

02(X^)+o*-»08+o 

0'4"02“|“J!f Os-f-ilf. •• •• •• (I) 

(2) Absorption in the Bunge-Schumann coviinuum, — This absorption 
begins at 176oA and goes up to 1250A [see Appendix 2(/)], The absorption 
dissociates O 2 thus, 

0(3P)+0(iZ>) (II) 

The absorption is very strong having a maximum at 1450 A where, according 
to Ladenburg and Voorhis [26] a thickness of only 0-0014 cm. at S.T.P. 
reduces the intensity to half. This is stronger than the maximum absorp- 
tion of ozone in the region 2550A. 

(3) Bunge-Schumann absorption hands . — ^These absorption bands begin 
at about 1925A and converge to 1760A. Tl n ."bsorption excites the oxygen 
molecule thus. 

02+;i„->o:(03P+oi^532:) (HI) 

Further, according to Flory [26] this absorption may lead to predissociation 
so that oxygen atoms may also be produced. The absorption coeflBcient in 
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this region is not accurately known, though it is found to be much smaller 
than that of the Bunge-Schumann continuum. According to Kreusler [27] 
a thickness of 20 cm. of 0^ at S.T.P. will reduce A1860 to two-thirds of 
its intensity. The coefficient is smaller for longer wavelengths.- The 
excited molecule or the O atom produced by this absorption can reac^/with 
normal Of to produce ozone. 

We now discuss which of the three absorptions listed above can produce 
the atmospheric ozone layer [28]. Clearly, reaction (I) is not helpful as the 
range of wavelength lies within the strong ozone absorption bands. The 
Runge-Schumann continuum (reaction (II)) is also not concerned with the 
production of the ozone layer. The radiation in this range is entirely used up 
above 80 km. in dissociating O 2 [Chapter V]. In this high region there is also 
little chance of three-body collision on account of low density. According 
to calculation by Chapman [29], the minimum pressure for three-body 
collision process is lO'"^ mm. of mercury and this is attained at a height of 
80 km. Oxygen atoms above this level will therefore produce little ozone 
even if oxygen molecules are present. Conditions are, however, different 
with reaction (III), namely, the Runge-Schumann absorption bands. Since 
the absorption, coefficient is small, radiations in this wavelength range will 
penetrate deep into the atmosphere. As the equivalent thickness of O 2 
present above 45 km. is about 20 cm., A1 860 will reach in sufficient intensity 
to produce excited Og at the level. The pressure here is also sufficiently 
high to ensure three- body collision. Further, at 35 km. height the equivalent 
thickneiM of the overlying oxygen is 840 cm. and the intensity of A1930 
is reduced to one-tenth by this absorption. These considerations show 
that the presence of ozone in the middle atmosphere can be accounted for 
by the absorption of solar ultraviolet radiation in the region of Runge- 
Schumann bands. The region in which ozone is formed according to the 
above estimate^is higher than the region of maximum concentration of ozone. 
According to some authorities ozone may be produced in the high region 
as estimated above and carried down to lower levels by convection. 

Destruction of ozone , — Ozone is destroyed by photo-dissociation (photo- 
lysis) and also by collision with atomic oxygen. Thus, for photolysis 

O2+O*. 

It has been observed in the laboratory that even red light A6200 is 
able to decompose ozone [30]. But so far as the ozonosphere is concerned, 
the spectral region mainly responsible for the destruction of ozone is that 
in the range of the Hartley bands. The oxygen atom which is produced 
reacts with ozone thus, 

O3+O — ► 2O0 . 

Mention should also l>e made of photolysis of ozone in the presence 
of water vapour. Water vapour acts as catalyst and, if present in ozonized 
ox3'gen, increases the quantum yield (i.e. the number of oxxgen molecules 
decomposed per quantum absorbed by ozone). This was first observed b\ 
W^urburg [28(a)] and has since been confirmed by experiments of Forbes 
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and Heidt [28(6)]. These authors investigated the photolysis of ozone in 
the premoe of saturated water vapour by radiations in the wavelength 
range of the Hartley bands. The partial pressure of ozone was varied from 
10 mm. to one atmosphere and the temperature from 2^C. to 20^0. It was 
found that th^ quantum yield is proportional to the concentration of water 
molecules. 

(For a discussion of the photolysis of ozone the reader may refer to [8].) 

(6) Theoretical calculation of the vertical distribution of atmos- 
pheric ozone 

It is possible to calculate theoretically the vertical distribution of ozone 
from a knowledge of the photochemical reactions and the absorption 
coefficients in the spectral regions wliich are responsible for ozone formation 
and decomposition. Such calculations have been made by Chapman [29], 
by Mecke [31] and by Wulf and Deming [32]. The calculations of the 
first two authors were made when the maximum concentration of ozone was 
believed to be at 40 to 50 km. These calculations have not been revised. 
We describe below briefly the analysis of Mecke and of Wulf and Deming. 

(i) Method of Mecke » — We have already described the nature of the 
photochemical reactions which produce and destroy ozone. In the condition 
of equilibrium we have: 

O 2 + Oo,^ lOs +0 

and Q2 4"Q .^ .^ Q3» 

As already explained the origin of these reactions is the photochemical 
action of the solar ultraviolet radiation. (In the above, the intermediate 
reactions have been omitted and only the end products are shown. ) Inserting 
the reaction constants vre may write the above processes as follows : 

O2 +02lJ_!_103 +0 . . . . (I) 

is 

i* 

Oo+O—Os (ID 

Os 

Combining reactions (I) and (II), 

302+o;zz::!203+o dii) 

kzctz 

where 

— ^the quantum efficiency of the process, 

^2 = €3/2 a.nd Us = cs/st in which 1 2 and are the intensities 
of radiations which produce and decompose ozone respec- 
tively and €2, cs are their absorption coefficients per Mol./c.c., 
io, is — ^reaction constants of collisional processes with 0 which 
produce and decompose ozone respectively. 



138 


UPPER ATMOSPHERE 


CHAP. IV 


If T be the mean lifetime of the excited oxygen molecule, whether it 
comes to the ground state by radiation or by collision, then we have 


whwe ibi is the reaction constant for the process 

0**+0* — ►Os+O. 


If the pressure be small (rhi) [Ot]^l, so that 


Substituting for we get from reaction (III) 

[0,]*/[0*? = = K (say) (5) 

The distribution of ozone may now be determined in terms of the maximum 
ozone concentration. Since reactions (II) and (III) necessitate three-body 
collision, the ratio ^ 2/^8 depends on pressure and hence firom Eq. (5) K may 
be put as 

K = iC'p hlh 


where K* is a constant, and p the atmospheric pressure. 

Now 1 2 , and /g at any height h above the earth’s surface may be put as 


and 


so that 


^2 — 2 

h = 3 exp 


(-j: 

(-/: 


FjfOz] dh 


^slOsl 


)• 


K = CjP . exp ^~J* |< 2 [ 02 l~« 8 [ 03 ]|<^^y 


(6^ 


where Cy is another constant. Assuming that the density variation of 
follows the barometric law, 

[Oj] = 


0* 

(7) 


where is a constant. From (6), (6) and (7), 

fOs? = CiCjSpi exp {«2[08l-«8[08l} dk) 

= Cpo*(e exp j* |«8[0 j 1— tsfOslI ^ •• 


( 8 ) 


since p — where — scale height of the homogeneous 

Differentiating (8), 


1 4081 
[08] dh 


H^2 



islOsl) 

«2[0*l( 


atmosphere. 


(9) 
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Now [0$]/[0s] is not greater than 10~* and the quantity within brackets on 
the right hand side may be pat approximately equal to unity so long as es/c^ 
is not 10*. Therefore 


1 d[0,] 

[Os] dh ~ 




(9.1) 


The Os-ooncentratioii at the hdght wha» the concentration of 0$ is maxi- 
mum is now obtained from 

^ “ 2 •*[®*1«* 

or, •• •• 


Lategrating (9.1), and with the help of (10), we get 

[ 0,1 - [ 0 ,]. ( 11 ) 

where is the pressure at the- level of maximum ozone concentration 
([Os].). 

From (11) the total ozone content may be easily obtained by integration. 
Thus, 

[Osltotal s= l*86[08]ij>.* 



Fio. 13. Companion of the vertical 
distribution of oaone after Meok 0 *i 
calculation (dotted curve) with distri- 
butions as obtained by the Umkehr 
method at Tromse (full lino curve) and 
at Arosa — . — . — (After Penn- 
dorf.) 
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In Fig. 13 ozone distributions as actually obtained by the Umkehr 
method at Tromsd and at Arosa are compared with the distribution curves 
obtained theoretically after Mecke. It will be seen that for Arosa the two 
curves are in exc^ent agreement. For TromsO, however, the observed 
curve departs greatly from the calculated one. 

In the above derivation of ozone* distribution several simplifying 
assumptions have been made and some disturbing factors are neglected. 
The absorption coefficients of the radiations vary over a wide range in the 
spectral ranges which lead to the photochemical reactions. It is therefore 
not justifiable to take their mean values assuming them to be constant over 
the spectral ranges considered. Further, the density distribution (Eq. (7)) 
is independent of temperature. This is clearly wrong in view of the fact 
that there is a rise of temperature with height in the ozone layer. Finally, 
the effect of possible diffusion is not taken into account. Notwithstanding 
these assumptions the simple and direct method of attack gives an insight 
into the physical processes involved. 

(ii) Method of Wvlf and Denting . — ^The assumptions on which this 
method of calculating the distribution of atmospheric ozone is based are 
the following: — 

(i) Ozone exists in an undisturbed photochemically steady state 
under the influence of standard solar radiation (GOOO^K). 

{ii) The atmosphere is in diffusive equilibrium above 20 km. and is 
at a constant temperature of 219^K. 

(in) Solar ultraviolet radiations of A<2400A decompose 02 -mole- 
eules into 0 -atoms; the reactivity of 0 -atoms in the processes 
of formation and decomposition of ozone is approximately 
the same whether they are normal or excited. 

(iv) T^e reactions which determine the steady states of atomic oxygen 
\and of ozone conbentration in the middle atmosphere are: 

^ Oj+Av > 0+0 (I) 

02+0-|-4f Og+ilf •• •• •• (II) 

Os-f-Av — ► 02-^0 .. •• .. (Ill) 

O3+O >-02+02 .. .. (I^ ) 

where M is the third body carrying away extra energy and momentum. 

For the above processes the equation representing the maintenance 
of equilibrium concentration of oxygen atoms is: 

KfUin^ngii+K^in^ = 2a27^292 +^8^398 ~ 2^2 +©8 •• 

where 

Kf, Kd — specific rates of ozone forming reaction (II) and 
ozone decomposing reaction (IV) respectively, 

»i, n 2 , — ^numbers per cm.3 of O, O 2 and Os respectively, 

Um — ^total number of molecules per cm.^, 

«29 ocs — absorption coefficients of the radiations which decom- 
pose O 2 and O 3 respectively, 
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92 , 9$ — corresponding numbers oi quanta absorbed per cm.* 
at any height h, 

Qi - a2»29*. 

Qt = « 8 » 898 - 

From (12) 

Again, the condition of steady state concentration of Os-molecules may be 
written as 

KfUiUznii = Asnin,-|-a3ns9s “ ^i«i«8+C8; 

whence 

«i = Qzl{Kfnznu-Kj(nz). 

Equating the above two values of 

"•=rl”«""(r+®ej ™ 

The above equation shows that the number of Os-molecules at any height 
may be obtained in terms of a constant K/IKdf of the concentration of 
Os-molecules, of the total concentration of molecules at this height and of 
the numbers of quanta absorbed per cm.^ by ozone and oxygen molecules at 
this height. 

Now the value of the constant KfJKd — ^the ratio of the specific reaction 
rates can be obtained from results of laboratory experiments on ozone equi- 
librium and may be taken as lO'^^ after the experimental results of Eucken 
and Patat [33]. This numerical constant can also be obtained from the 
known total amount of ozone and the form of the absorption coefficient 
curves (Fig. 14) for Os and Os. (In view of the uncertainty of the experi- 
mental results in the vicinity of the region 2000A, the two absorption curves 
have been joined in three different manners labelled as C, /> and E. For 
the cases C and E, K/IKd is taken as 1 whereas for the case Z>, a value of 
lO^^B has been used in order to keep the area under the distribution curve 
approximately equal to the known total ozone in the vertical path.) 

Since both a’s and g’s are functions of the frequency of radiation, 
Q2 (== 0 ( 2 ^ 292 ) Qs (= obtained by summing over the entire 

frequency interval using finite strips Ai' in width sufficiently small for the 
purpose. Therefore, with the help of the known absorption coefficient 
curve (Fig. 14) and the number of quanta in different frequency ranges, the 
values of and can be obtained for different heights. It is to be noted 
that since Qs contains ns, Eq. (13) is evaluated by the method of 
successive approximation. Fig. 15 depicts the three distribution curves for 
the three different cases C, D and E. It will be se^n that the distribution 
depends to a large extent on the form of the absorption coefficient curves 
for Os and O 3 . It is further seen that the calculated distributions are a 
little too high to correspond with the observed distribution of atmospheric 
ozone. This may be due to the fact that the value of the constant {KfJKd) 
depends on temperature which varies greatly in the middle atmosphere. 
It may be noted that Chapman has made estimates of the values of Kf 
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Fio. 14. Abaoiptionoi]rveofO«(lefbofi>)aiulof Og(ri^tof O). The region 60,000 
om.*^ to 75,000 om.-^ ie the Runge-Sohmnann continuum. Region below 60,000 
om.-t ig the absorption due to Runge-Sohumann bands which joins in some 
continuous manner with the region 47,000 cm.-*^ to 58,000 om.*^ (A). The region 
below (A) is extrapolated. The region 29,000 cm.*t to 42,000 om.-t is the 
absorption due to osone (the Talues are taken from measurements by Fabry and 
Buisson [0(o)], Lftuohli [0(6)] and Hy-Tsi-Zd and Choong-Shin-Piaw [10]. The 
region 22,000 cm.-! to 29,000 cm.*^ is extrapolated. (After Wulf and Doming.) 
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and K 4 (as also the ooefficients for the production of O 2 by triple collision 
of two O atoms with third body) from purely solar and meteorological data. 
These estimates— £> = 2-2 x and = 6x 10-*®— are of reasonable 
orders of magnitude and their ratio agrees with the value adopted by Wulf 
and Deming in their calculation [8]. 

Wulf and Deming have, after considering the possible effects of any 
disturbance on the ozone-equilibrium, shown that in regions below the 
mATimiim of distribution, the time required for noticeable restoration of 
equilibrium is of the order of days. The ozone content of this r^on is 
thus subject to variations by such causes as atmospheric circulation. They 
are of opinion that two different views might be taken regarding the dis- 
tribution of ozone in the middle atmosphere; first, that the amount of 
ozone is, at all heights, at least roughly in equilibrium with the solar radia- 
tion; secondly, that the amount of ozone which is in equilibrium with the 
solar radiation is but a small fraction of the total amount and is confined 
mainly in higher altitudes. The ozone present in the lower altitudes is 
merely that transported to these levels from the region where ozone is 
actually formed and is thus protected from ozone decomposing solar radiation 
by the ozone in higher regions. 

5. OZONE AS A HEATING AGENT AND THE TEMPERATURE 
DISTRIBUTION IN THE MIDDLE ATMOSPHERE 

We have already mentioned that the high temperature in the middle 
atmosphere in the region above 35 km., as evidenced by the meteoric pheno- 
mena and abnormal propagation of sound waves [Chapters IIIA and IIIB], 
is due to the absorption of solar radiation by ozone. The ozone layer in 
fact acts as an enormous heat reservoir raising the temperature of the 
upper region of the stratosphere to nearly 100°C. The problem of the 
temperature distribution and of the heat balance in the middle atmosphere 
due to absorption by ozone has been discussed by Gowan [34a, 345] and 
Penndorf [35] respectively. 

Gowan considers the radiation equilibrium of the emitted and absorbed 
radiation in the various levels of the stratosphere when ozone is mixed with 
water vapour in different proportions and comes to the conclusion that a 
rise of temperature will begin from a height of about 30 km. The maximum 
temperature 400°K. will be attained at a height of about 50 km. Penndorf, 
on the other hand, considers the absorption and radiation by the ozone 
layer and shows that in a thin region in the upper part of the ozonosphere 
the net gain of heat by absorption is about 10 times the loss due to radiation. 
This thin layer thus acts as an enormous heat reservoir. In what follows 
we will briefly discuss the results and the methods by which they have 
been obtained by these two authors. 

(a) Temperature distribution 

Growan assumes the stratosphere to be non-convective. In such a 
region any layer of air is dependent for ‘its average temperature on the 
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flolu radiation, on radiation from the loHd earth and on radiation firon 
the atmoephere aboVe and below it. The layer is aHinned to be homo* 
geneone in the horinnital direction. For oompoting the radiation eqpili- 
briun of the layer, cnily the yertioal radiations are oonsideired. It is farther 
assumed that water raponr and ozone are the joincipal gases which abewb 
solar and terrestrial energy. K and be the firaotions absorbed at 
wavelength A Vy oxaub and water vapour reqpeotive^ firom the radiatkin 
pg— normally through an dmnentary layer, the total energy absorbed 
is given by 

•' c 

+ f *Aw(^A+«A+^A+^A+^Jl)‘*^ 

J 0 

wh^ Sx — ^portion of the solar energy reaching the layer, 

8x — portion of the solar radiation which, after reflection fircan.the 
earth’s atmosphere, reaches the layer. 

Ex — portion of earth radiation reaching the layer, 

Xx, Tx — atmoqsherio radiation falling on the layer from above and 
below. 

Now the layer emits radiation in directions both upwards and down* 
wards. The effective radiating surface is therefore double the absorbing 
surface. Hence in the condition of equilibriiun we have 

*a«(^a+*a+-®a+-^a+^a) 

+gj^ *Aw(^A+«A+^A+-^A+^a)‘*^» 


where Sxip^ is the amount of energy radiated by the layer at its temperature 
and at wavelength X and is equal to the energy of a black body at 
temperature Tq multiplied by the sum of kxg and On account of 
the irregular variations of h. and kxip the altove equation can only be 
solved graphically. Further, the amounts of energy absorbed and radiated 
by a layer depend primarily upon the amounts of water vapour and ozone 
present ; but the amount of water vapour depends upon the temperature 
distribution itself. Hence the process of determining the temperature 
distribution is one of successive approximation. The method is to assume 
a probable distribation of temperature, determine the proportion of water 
vapour at various heists on this assumption and, on this basis, calculate 
what the temperature would be. If the assumed temperature distribation 
be oorreet, the final temperatures calculated will agree with the original 
assumptions. H not, a fresh temperature distribu^m is assumed, and the 
process repeated until the calculated temperature distribation agrees with 
that initidly assumed. 
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In order to carry out calculation by the above method, the stratosphere 
is divided into nine layers 11 to 15 km. and then every 5 km. up to 55 km. 
The amount of ozone in different layers is known from experiments of G5tz 
and others [6] and that of water vapour is estimated on the basis of the 
preliminary estimate of temperature. As a starting point for calculating 
the amounts of water vapour in different layers it is assumed that at 11 km. 
height the vapour is saturated at a temperature of 219^K. 

To determine the values of and in the spectral region in which 
selective absorption takes place, we have 


and 




k=L 


1 - 10 -“^ 


1 - 10 "“-*, 


where /q and / are the intensities before and after the radiation has passed 
through X cm. of the gas at S.T.P. The value of — ^the absorption 
coefficient of ozone — ^is taken from the results of experiments by Fabry and 
Buisson [36] and by Ciolange [12]. Knowing and x, ky^^ is calculated for 
the spectral ranges 0*23 to 0*34/i, 0*45 to 0*65/i and 1 to 12/i where ozone 
has selective absorption bands. For water vapour, values of k^y, in the 
spectral range 1 to 50 /a are calculated with the help of Hettner*s results [37] 
on absorption coefficients. 

So far as the radiation from the layer is concerned, it occurs in the 
infra-red. This is obtained by plotting the energy of black body radiation 
corresponding to the temperature of the layer multiplied by 
against A. The area under this energy curve gives 

and the integration is carried out from 0 to 50 /a beyond which radiation 
becomes negligible. 

The total energy absorbed by a particular layer is obtained after 
allowing for the amounts which are absorbed in reaching the layer. This is 
done separately for ozone and for wat^r vapour both for the direct solar 
radiation inwards^ and for the terrestrial and reflected solar radiations 
outwards. The terrestrial radiation is assumed to be that of a black body at a 
temperature of 260^K. For the reflected solar energy it is assumed that 30% 
of the energy reaching the troposphere is reflected upwards. ‘ The amounts 
of energy corresponding to the above three items are summed up and 
plotted against A as one curve for each absorbing agent for each layer. Thus 
the areas under these curves give the value for ozone 

I 

f *‘;s(' 5 ^a+^a+®a) 

^ 0 

and for water vapour 

f *’Afii(^A+^A+*®A) 

Jo 

xo 
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Lastly, the correction for the radiation from the atmosphere itself is con- 
sider^. Koietnng the amount of energy radiated by each layer, we can 
get the a^unt absorbed by a particular layer by an analogous method and 
plot a curve giving energy absorbed against A. The area under this curve 
gives the value of 

f h{w+z) (^x+y x) 

J 0 

All the factors required for considering the radiation equilibrium are 
thus known and the temperature distribution is estimated as mentioned 
above. The results obtained by Qowan are given in the table below. 

It will be seen that in most cases there is a sharp rise of temperature 
at about 35 km. and a maximum at about 50 km. Moreover, as is to be 
expected, the maximum temperature attained is greater when there is no 
water vapour in the stratosphere. It is interesting to compare the calculated 
temperature distribution of Gowan with that obtained from experiments on 


Table I 

Distribution of temperature in the middle atmosphere calculated (after Qowan) for 
various distributions of ozone a7id humidity- 


Latitude 

!i0* 

60® 

60* 

60* 

60* 

Season 

Summer 

Summer 

Summer 

Night 

Summer 
(before dawn) 

Ozone at S.T.P. 
Relative hunii- 

0*28 cm. 

0*28 cm. 

0*28 cm. 

.... 

0*28 cm. 

dity 

Water vapour 

40% 

None 

100% 

100 

40% 

distribution 

Mixed 

• • • • 

Mixed 

DiiTusive 

equilibrium 

Mixed 

Height in km. 

Abs. Temp. 

Abs. Temp. 

Abs. Temp. 

Abs. Temp. 

Abs. Temp. 

11-16 

225 

290 

200 

205 

225 

15-20 

230 

285 

195 

205 

230 

20-25 

240 

285 

220 

205 

239 

2&-30 

245 

290 

235 

210 

243 

30-35 

260 

295 

245 

215 

256 

35-40 

290 

335 

260 

215 

276 

40-45 

370. 

480 

310 

215 

338 

45-50 

395 

535 

315 

210 

363 

50-55 

370 

600 

290 

205 

347 


abnormal propagation of sound waves [see Chapter IIIA]. In the latter 
case, though the rise of temperature is sharp, yet no maximum is obtained 
within about 60 km. There is thus a qualitative agreement in so far as the 
rise of temperature is concerned. 

The above results are from Gowan’s earlier work [34]. The calculations 
have been revised by Gowan [34a] uith newer data on infra-red absorption 
in ozone (taking pressure into account [34r, 34d]) and in water-vapour 
(assuming a square-root law for the pressure affect [34e]). It is found that 
the calculated temperature distribution with height agrees approximately 

ioB 
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^th the Boundiiig halloon results. It, therdSorei seems that the joimary 
assumption that the stratosphere is in radiation equilibrium is justified. 
The results also explain the existence of high temperatures round 36->60 km. 
by ozone absorption, though, the ozone maximum is at 22. km. 

(i) Heat balance in the middle atmosphere 

To discuss the heat balance in the upper stratosphere a knowledge of 
the infiuence of radiation (short* and long-wave), of convection, of tur- 
bulence and of general circulation upon the temperature of any layer is 
required. Unfortunately, there is no exact knowledge of the last three 
processes. The effects of radiation and absorption by ozone alone may 
th«refore be considered after Penndorf [36]. (Acctnrding to Fenndcvf water 
vapour pla 3 rs an important rdle in the heat preservation of the troposphere 
only: in the high stratosphere its effect is n^;ligibly small.) In contrast 
to the previous case radiation equilibrium is not supposed here, but only the 
net absorption and emission of radiations which may infiuence the tempera- 
ture of the stratosphere through the agency of ozone is considered. 

Thus we have to calculate and discuss the following: — 

(i) Absorption of solar radiation by ozone and the resulting heating 

of the air. 

(ii) Long-wave ierrestiial radiation which may also produce heating. 

(iii) Gharactetistic radiation emitted by ozone. 

(i) Absorption of solar radiation . — ^Let the solar radiation be incident 
at angle i to the vertical (Fig. 16), be its intensity for wavelength A 
at C and BC ( ss m) the equivalent thickness of the ozone layer. Therefore 
the fiow of radiation per unit area in the interval dX passing normally 
through B in time dt is given by 



Fio. 16. Absoiption- of solar ra^atitm incident obliquely on (be osone layer. (Alter 

Penndorf.) 


hx COS ( exp [—axtn/ooB {] dX dt. 


• • 


(14) 
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where a;^ is the coefficient of absorption of ozone for radiation in the wave- 
length range The exponential factor is due to absorption of 

radiation by the ozone layer. 

Since cos { =s a+b cos w 
where co — the hour angle of the sun, 

as 27 rt/r, r being the unit of time (one day in the present case), 
a = sin ^ sin 8 , 6 cos ^ cos 8 , 

8 being the latitude of the place and declination of the 
sun respectively, 

the above expression may be written as 

^ / 5 A <«) ® 3 cp [— a;^w/(a-i -6 cos cu)] dAdca. 


Therefore, the total flow of solar radiation per unit area passing normally 
though B in the course of a day is given by 


Sr 




(a+b cos ctf) exp [— <*>)] 


.. ( 16 ) 


where is the hour angle for sunrise or sunset. 8^ can be evaluated 
by graphical method. The amount absorbed by the ozone layer in the 
course of a day is obtained by subtracting (15) from the corresponding 
flow of the solar radiation into the ozonosphere 8q in a day and is therefore 
given by 

(16) 

(ii) Terrestrial radialion . — We next consider the absorption of terrestrial 
radiation by the ozone layer. The earth is considered for our purpose 
as an infinitely extended black surface. In Fig. 17, / is an element of 
surface above" ozonosphere. The solid angle subtended at / by the ring- 



Fig. 17. Absorption of radiation from the surface of the earth by the ozone layer. 


shaped area on the surface of the earth is given by 

rde 1 
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Denoting I j<\dX as the amount of radiation from unit area on the earth’s 
surface in the wavelength A -»> A -HdA, we have the radiation in unit solid 
angle as IgxdXlv, Therefore the terrestrial radiation that passes through 
/ from the ring-shaped area after absorption in the ozonosphere is given by 

2, . CO, » 

TT 

= sin 0 exp [— a;^w/cos ff\ dX dO. 

We are, however, interested in that fraction of the energy flow of the 
terrestrial radiation which, moving upwards, intersects the element / per- 
pendicularly. This is obtained by a further multiplication with cos 0 and 
is given by 

® ®®s 6 exp [— a^w/cos 6] dX dO. 

Therefore, the total amount of energy flowing noimally through / due to 
earth’s radiation is 

= 2 J dA J ^ sin 0 cos 6 exp [— a;^?n/cos S\ dO. . . (17) 
Using Gold’s if^-function [38] 

r* exp [— aAiwfl 

^.{aA-m)«J .. .. (18) 

where f == , Eq. (17) may be written as 

2 I I • • • • (1^) 

» A 

Prom the values of the function (a^ • rn) given in tables of the function 
of Jahnke-Emde [39], Sr can be determined graphically. Prom 8r and 
the flow of terrestrial radiation incident on the ozone layer, the amount 
absorbed by it can be evaluated. 

(iii) The characteristic radiaJtion of ozone . — In order to evaluate the total 
emission of the characteristic radiation from the layer, we can proceed 
in a manner similar to that for terrestrial radiation. We have only to 
replace the infinitely extended black surface by an infinitely extended 
thin layer of ozone as the radiator. In contrast to the black surface, the 
radiation from the layer is proportional to its thickness and, according to 
KirchofF’s law, also to the absorption coefficient. Consider a thin layer of 
ozone of thickness dm at a distance m from / (Pig. 18). The radiation sent 
in the direction 6 from the shaded ring-shaped portion is given by 

ItX«x.V[-*>:ml<x»e\dX ^ dm • 

. tan 0 dO . ai • cos 0 

= 2IgX^X ® [— dXd0dm^ . . (20) 

where I ^X is the amount of radiation from unit area of the thin layer 
of ozone in the wavelength range X'-^X+dX. The fraction of this radiation 
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moving veirtically upwards is obtained from (20) by multiplication of cos B 
and is given b^ 

sin B exp [— «;^m/oo8 0\ dA iB dm. 



Fio. 18. Emission of radiation from an elementary ozone layer (dm). 


Therefore the total amount of energy flowing upwards due to ozone radia- 
tion is 

p /•»» /•W2 

^* = 21 I I sin 0 exp [— a;^m/cos (f\ dBdm, 

•'A 

which, (m introduction of Gold’s Ha-fimction (Eq. (18)), becomes 

<8f3B2j I dXdm (21) 

J A •' «"-o 

Sf can be evaluated graphically. 

The rates of absorption of solar and terrestrial radiation and the 
rate of emission by the ozone layer are calculated with the help of Eqs. 
(16), (19) and (21) and from these the rate of heating of the stratosphere is 
easily obtained from the formula 

_ -I. I99\ 

df~ pCf'dvdf ' ^ 

in which dQ — ^heat absorbed in volume dv^ 
p — density of air, 

Cp — specific heat at constant pressure. 

It is to be noted that the temperature change is expressed here in degrees 
per day per unit volume and not in degrees per day per square centimetre 
as is usually done. According to Penndorf, the change per unit volume is 
physically correct because the energy transmission through collision takes 
place in all directions so that the total energy falling on a surface element 
distributes itself in the whole volume element. 
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The assumptions under which the calculations have been made are the 
following: — 

(i) The solar rays are taken as parallel beam. The ultraviolet radia- 

tion in the range 2000A-3000A is assumed to be that of a black 
body at temperature 5910^K. Above SOOOA, the value of solar 
radiation is taken from Abbot’s table [1]. 

(ii) All horizontal gradientsof the meteorological elementsare neglected. 

(iii) The equivalent thickness of the ozone layer and its vertical 

distribution are taken from the mean curves for Arosa 
(latitude 45°). The atmosphere from 6 to 47 km. is divided 
into six layers. Moreover, ii is assumed that there is no ozone 
above 50 km. 

No daily variation of ozone is considered. 

(iv) The characteristic radiation and absorption by ozone is taken to 

be effective in the intervals 0*8 to llfi and 12 to 17/i. 

(v) The temperature of the earth’s surface is taken as 280°K. For the 

temperature of the troposphere at 6 km.» 263°K and 233°K 
are chosen and six different distributions a*re assumed for the 
temperature between 5 and 47 km. 

Curves in Fig. 20 depict the results of calculation (Eq. (22)). An 
inspection of the curves shows that there is a reservoir of heat near about 
50 km. level which is much above the centre of gravity of ozone. The 
heating effect is negligible below 20 km. Curve (c) shows that the solar 
ultraviolet radiation responsible for heating (3000A — ^2000A) is almost 
completely absorbed in a thin layer at the top; the increase in temperature 
below 25 km. is thus due to absorption in the visible region. 

Curves in Pig. 19 show the decrease of temperature per day due to 
terrestrial and ozone radiations at night. These have been drawn taking 




UMPt^AJUH CHANGE IN DEGNiElDAYem^ 

Figs. 19-20. Illustrating cooling and heating of the middle atmosphere due to ozone 
absorption. (After Penndorf.) 
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two different temperature distributions in the stratosphere. Curve I is for a 
constant temperature up to 60 km. and curve II for the case of rising 
temperature from tropopaiuse up to 60 km. (280°K at 47 km.). The dotted 
curve is due to ^negative cooling* on account of terrestrial radiation absorbed 
in the stratosphere. It is seen that this is effective only within the range 
25 to 40 km. 

A study of the curves in Figs. 19 and 20 shows that t he effect of long- 
and short-wave radiations is that the loss of heat by nocturnal radiation is 
very small compared to the gain of heat by absorption of solar energy. In 
fact, the net gain of heat is at least 10 times greater than the loss. In 
summer, the gain may be even 60 times greater. It may therefore be 
concluded that this heat reservoir would not allow the temperature of the 
stratosphere to remain constant with increasing height. 

I^ niay be noted that the height of maximum rise in temperature 
(60 km.) agrees fairly well with that obtained from the study of the meteoric 
and the abnormal sound propagation phenomena [Chapters IIIA and IIIB]. 

Estimates of the cooling of the ozonosphere after sunset have also been 
made by Gowan [346]. Cooling occurs mainly by radiation up and down 
and the conclusion is reached that at 60 km. the cooling is about 30°C. but 
that it is only a fraction of a degree below 25 km. This shows that the 
temperature inversion in the ozonosphere round 40 km. persists throughout 
the night. 


6. VARIATIONS OF ATMOSPHERIC OZONE— TEMPORAL 
AND LATITUDINAL 

As mentioned in the introduction the ozone content of the atmosphere 
(i.e. the equivalent thickness) is subject to considerable variations. There 
are diurnal and seasonal variations, and the average ozone content also 
depends on the geographical location. The amount over any place also 
varies considerably with the meteorological conditions. The principal 
results obtained in respect of these variations are briefly described below. 

(a) Temporal variations 

(i) Diurnal and nocturnal variations . — An interesting result of ob- 
servations on the diurnal and nocturnal variations of ozone is that the 
average ozonq content at night is greater (or, at least never less) than during 
the day [40, 41, 42, 43]. The average thickness at night is found to be 
3*35'mm. No seasonal variation during the period (October, 1927 to April, 
1928) of study was observed. During daylight hours there was little, if any, 
regular hourly variation of ozone. It may, however, be mentioned that 
such variation has recently been reported from observations made with 
Dobson apparatus at Delhi (Lat. 28^N.) [43a]. It appears that the ozone 
content diminishes slightly towards noon and then rises again. It has, 
however, been pointed out by Vassy and Vassy that the observed diminution 
may not really be a diminution in the thickness of the ozone layer, but a 
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temperature effect arising out of the author’s using the wavelengths A31 10 
and A3300 in his measurements. The absorption coefficients of these two 
wavelengths have different temperature coefficients and it is shown that a 
rise in temperature will have the same effect on observational result as a 
decrease in the thickness of the layer [436]. 




Fzo. 21. Seasonal variation of atmospheric ozone content in different latitudes. 
Note that the amplitude of the variation is least in equatorial regions and highest 
in high latitudes. The unit is 0>001 cm. at S.T.P. (After Dobson.) 

For daylight hours it is difficult to obtain a true mean value on account 
of minute to minute variation. Compared to this the ozone content during 
night, as obtained by observation in moon light, is more steady. 

(ii) Seasonal variations , — ^The general characteristics of the seasonal 
variation as observed at different latitudes are shown in Fig. 21 [40]. It 
will be seen that in general, the ozone content ih maximum in spring and 
minimum in autumn in both the hemispheres. Further, the annual variation 
is greatest in high latitudes and least at the equator. There are, however, 
differences in details. Observations on ozone content in subtropical 
regions have disclosed an interesting feature not seen in the curve referring 
to India (Kodaikanal, lat. lO^N.). It has been found from observations 
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St Bombay (IG^N.) [44] that beddea the usual annual variation typical of 
northern hemiqthere, namely, maximum in April*May and minimum in 



Fia. 22. Yearly variationa of oaona content (in arbitrary units) for a number of 
years at Table Mountain» California. (After Penndorf.) 

November-December, there is a variation — abnormally low value — ^in the 
monsoon months (July-August) due to some disturbing factor. A similar 
abnormality has also been observed at Shanghai (31 ^N.) [45]. A study of 
the seasonal variations made at Calcutta (22^ 33' N.) [46] by the radio 
method [Chapter VI, Sec. 12(d)] revealed distinctly this abnormality. 

OaOi 



Fio. 23. Mean yearly variation of the ozone content at TromsC. The curve depicts 
the means for each pentad derived from the normal daily values calculated from 
observatibnal data of the period 1026-42. 

Figs. 22 and 23 depict yearly variations for a number of years as 
observed at Table Mountain (lat. 35^N.) and at Troms6 (lat. 70^ N.) [35, 
35(a)]. The latter station is interesting because of long winter nights. 
The curve for this station (Fig. 23) depicts the means for each pentad derived 
from the normal daily values calculated from observational data of the 
period 1926-1942. It will be noticed that the annual variation does not 
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follow a simple sine-ooxye and also that there is much larger interdiumal 
variation in the winter than in tibe sommer values. Aooording to Penndorf 
[36(a)] these oharaoteristics are eacplained if it is remembered that in the 
polar latitudes no ozone is formed during the months when solar radiation 
is jn i ss ing (polar night) or when the sun remains shove the horizon, at 
ve^ low angle, for a. few hours only. There is thus no photo-ohemical 
equilibrium of ozone during this period. The interdiumal variations are 
then solely due to adveotion. If there is a flow of air &om arotio regions 
then the ozone value is low ; if, however, the flow is from southern latitudes 
then the sir is richer in ozone. A study of the ozone content in the polar 
regions may thus lead to information concerning general circulation the 
lower stratosphere over these regions in winter. 

(6) Latitudinal variation 

Fig. 24 shows the geographical distribution of ozone-values for different 
months of the year [4^]. It will be seen that the amount of ozone near the 
equator is small and fairly constant, the average value being about 2*0 mm. 



Vio. 24. Geogmpbical distribution of osone-vslue for diilerent months of the year. 
Tbs unit is OHWl om. at 8.T.P. (After Dobson.) 
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In lii gli latitudes there is large annual variation. It is very large in spring 
but in autumn, the increase is not more than 25 per cent at the equator. 

The results of observations described above clearly show that the 
ozone content is markedly influenced by the variation of the solar ultra- 
violet radiation. Since solar radiation both produces and destroys ozone, 
it is evident that the increase or the decrease of the ozone- value with the 
inclination of the incident radiation will depend upon the relative intensities 
of these two processes. Starting with this idea Chapman [47] has studied 
theoretically the variation of ozone content of the atmosphere. His analysis 
shows that the variations of the ozone content ought to have the observed 
form if due account is taken of the processes of production and destruction of 
ozone occurring simultaneously. The agreement, however, is rough and 
only qualitative due to various simplifying assumptions made. 

More definite suggestion regardii^ the cause of the low value of ozone 
in the equatorial regions has been made by Malurkar [47a]. Measurements 
show that the amount of water vapour above the troposphere is greater in 
the equatorial regions than over the corresponding levels in temperate 
latitudes. Further, the amount of solar radiation falling on unit area is 
greater in the equatorial than in the higher latitudes. Hence a reduction 
in ozone content in equatorial regions is caused by increased photolysis of 
Os in these regions by the solar radiation in presence of water vapour [see 
Sec. 4(a)]. It is interesting. to note in this connection that the presence of 
the OH radicle in the high atmosphere has been proved by the occurrence of 
strong OH bands in the infra-red in the night sky spectrum (see Chap. X). 

7. OZONE AND WEATHER 

It has now been established that definite correlation exists between 
weather condition in the troposphere and ozone content in the stratosphere. 
The following remarks are from observations carried out by Dobson and 
his associates [48]. 

The passage of a warm front is accompanied by a fall in the ozone 
content, while that of a cold front by a rise in the ozone content. These 
effects are, however, observed only when the fronts extend well into the 
stratosphere. 

A warm front in passing over the ground surface replaces cold air by 
warm air. As the front slopes forward at an angle of about 1/160, the fall 
in the ozone content takes place long before the arrival of the front at the 
ground surface. This is analogous to the appearance of upper clouds 
which herald the approach of a warm front at the ground level. In Fig. 25 
the fall in the ozone content in the case of an advancing warm front 
as observed in England on November 17-19, 1940, is depicted. The 
figure is a cross section of the atmosphere at right angles to the direction 
of the front. The region where the most rapid fall of ozone occurred is shown 
by the line at the top. It will be noted that the fall occurred when the 
height of the front overhead was about 8 km. It is, however, believed that 
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the fall was associated directly with the extension of the front in the stra< 
tosphere (with a backward slope) rather than with its position in the tro« 


20 


to 




mtON OF OZONE FALL 
L_ I 


TROPORAUSE 


h 


xLi 


l| 






1000 Km. 


Fzo. 25. Illustrating the fall in the ozone content in the case of an advancing wann 
front as observed in England on November 17-19, 1940. The figure is a section 
of the atmosphere at right angles to the direction of the ¥ri!rm front. (After 
Dobson, Brewer and Cwilong.) 


posphere. This type of fall in ozone content associated with the passage 
of a warm front is extremely common. As a matter of fact, the first sign 
that can be obtained from ground observations of the approach of a warm 
front, is a drop in ozone value. There are some cases, however, in which 
a change in the ozone value is not observed. For these the fronts do not 
presumably extend into the stratosphere. 

As expected, the changes associated with a cold front are reverse to 
those for a warm front. There is generally a rise in the ozone content 
associated with a cold front. A cold front slopes backward, but as the 
slope is much steeper than that of a warm front, the associated rise in 
ozone content occurs soon after the front passes over the ground surface. 
As in the case of warm fronts, all cold fronts do net show a change in the 
overhead ozone content. This is explained as due to the front not extending 
up into the stratosphere. Fig. 26 is a section of the atmosphere at right 


REGIONS OF OZONE RISE 



Fio. 26. Illustrating the fall in the ozone content in the case of an advancing cold 
front as observed in England on June 24-25, 1940. The figure is a section of the 
atmoqphere at right angles to the cold front. (After Dobson, Brewer and 
Cwilong.) 
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angles to a cold front which passed over England on June 24-26, 1940. 
The height of the tropopause as shown is inferred from observations made 
some distance away from the front. The position of the front in the upper 
troposphere was fixed by meteorological data as were available. The 
position in the stratosphere is determined, by consideration of the increase 
of the ozone content. 

Some interesting observations on the change of ozone content have been 
made when an occlusion passes overhead. For the case of true occlusion 
there is always a fall in the ozone content. (A true occlusion is one in which 
the warm sector of the depression continues aloft extending well ahead — 
several hundreds of kilometres — of the tip of the warm sector at the ground 
level.) There are, however, also cases of occlusion in which no fall in 
ozone content occurs or in which a marked rise is observed. In the first 
of these cases the occlusion presumably does not extend into the strato- 
sphere. For the second case, the warm sector with which the occlusion is 
associated may be a great distance away from the centre of the depression. 
In all such cases the air over the occlusion seems to be cold rather than 
warm. 
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Fzo. 27. Illustrating the distribution of ozone around a typical young depression 
with a very loarked warm sector. Note that the ozone content is low over the 
warm sector and is high above the advancing cold air mass behind. (After 
Dobson, Brewer and Cwilong.) 


Fig. 27 shows after Dobson et al, [48] the distribution of ozone around 
a typical young depression with a well marked warm sector. It will be 
noticed that the ozone content is low over the warm sector and is high 
above the advancing cold air mass behind. 

From what has been said above, high ozone value is to be expected 
with cyclonic systems (low pressure) and low value with anti-cyclonic system 
(high pressure). This is depicted in Figs. 28(a) and (b). The continuous 
lines are isobars. The ozone- values as observed for each normal cyclone 
and anticyclone that occurred are plotted on these maps in their appropriate 





THE OZONOSFHERE 



Fio. 28(6) 

Fzo8. 28(a, 6). IlluBtrating how the amount of osone ia related to premure diatribu- 
tion in cyclone and anticyclone. Ck)ntinuou8 linea are Isobars ; the dashed curves 
are lines of equal ozone content. The numbers indicate departures from the 
monthly ozone-values. They are positive or negative according as the obsemd 
value is greater or less than the monthly mean value. (After Dobson, Harrison 
and Lawrence.) 
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positions according to the pressure distribution. The broken line curves 
are drawn through these points. Since the ozone content is subject to 
seasonal variation, the differences from the monthly ozone- values are used. 
The values plotted are thus positive or negative according as the ozone 
content during the cyclone is greater or less than the mean value of the month 
in which the cyclone has occurred. 

In some later observations at Oxford (July 1941) it was found that 
when thunderstorms passed overhead there was a rise of 2 mm. in the 
ozone content (from 2*7 to 4*7 mm.) which lasted from one to three or 
four hours. 

Amongst other observations on ozone content and the weather, 
mention may be made of those of Tdnsberg and Ghalonge [49] at Troms5 
(lat. 70'^N.) who found that there is a close correlation between the two. 
Fig. 29 depicting the day-to-day ozone- values for one year shows that the 
periods of fine and settled weather (marked F. W. in the figure) are associated 
with the relatively lowest and most constant ozone-values. The scatter 
of the daily ozone- values is greatest in spring and is associated with relatively 
bad and variable weather conditions. The large jumps in ozone content 
occurring in this season may be attributed to violent changes in the atmos- 
phere associated with extremely deep cyclones in the Atlantic Ocean. It is 
further found that the tropical air has a low, the polar air a medium, and the 
arctic air the highest ozone content. 
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Fio. 29. Illustrating correlation between ozone-value and weather conditions in high 
latitude (Tromso, 70^K.). The unit is 0*001 cm. at S.T.P. (After Tonsberg and 
Ghalonge.) 


(3) Pressure .and temperature in the troposphere 

It has been shown by Dobson [40] that in temperate latitudes, the 
difference in the amount of ozone from its monthly mean is closely cor- 
related negatively with the pressure at 9 to 16 km. level and with the mean 
temperature of the troposphere (Fig. 30). 

Meetham [50], after a careful analysis of available data of ozone- 
values and the meteorological data, has shovm that ozone has a surprisingly 
high correlation with the potential temperature and the density in the 
stratosphere. 
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Fxo. 30. Illustrating the negative correlation between the variation in osone content 
and the pressure at 9-16 km. level and also with the mean temperature of the 
troposphere (1 scale div. - 0-02 of O,. 0-1 inch, 6*P.). (After Dobson.) 

8. OZONE AND SOLAR CYCLE 

Cabannes and Dufay [51] announced in 1927 that they had found some 
correlation between sunspot activity and ozone content. That there might 
be some connection between the two was also suggested by Fowle in 1929 
[52]. Fowle’s later work in 1934 does not, however, support this view [53] 
More recent observations also seem to indicate that the average variation 
of the ozone content is not associated with the eleven* year solar cycle [54]. 
It appears, however, that ozone content variation has 27 and 15*5 days 
periods with small amplitudes [55]. 

Dobson, Harrison and Lawrence [48] have shown that there is a definite 
relation between variation of the ozone content and terrestrial magnetic 
disturbances. An increase in the ozone- value in the middle atmosphere is 
always associated with magnetic storms. 

9. EFFECTS OF OZONE « SHADOW’ 

It was pointed out by Mitra [56] and also independently by G5tz [57] 
that the absorption by the ozone layer increases the radius of the earth’s 
shadow for the ultraviolet light of the sun and that the amount of the increase 
is equal to the altitude of the upper boundary of the ozone layer. 

Penndorf [58] has discussed in detail a number of effects due to this 
screening and has, for the purpose, introduced the useful terms ozone shadow 
and boundary of ozone shadow. Ozone shadow for radiation of a given 
wavelength is defined as the region in space which is so screened by the 
earth (together with the ozonosphere) that the intensity of solar radiation 
for the chosen wavelength A is less than one per cent of the incident intensity. 
The boundary of the ozone shadow is defined as the spatial curve, at all 
points of which the intensity of the wavelength A is exactly equal to 1 
per cent of the incident intensity. It is found that for a ray passing 
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tangentially to the ozonosphere, only a thin layer at the top 8uffices» on 
account of the strong absorption, to reduce the intensity in the wavelength 
range A2160 to A2900 to 1 per cent. Assuming that the upper boundary 
of the ozone layer is at 50 km. height and that the ozone is in photo- 
chemical equilibrium in the region 40 km. to 50 km. and is distributed accord - 
Penndorf finds the thickness of this top layer to be less than 1 km. 

The following effects of the ozone shadow may be mentioned in par- 
ticular : (1) Delay in the hour at which ionization in the upper atmosphere 
(£-layer) begins to increase at sunrise. This has been studied by iQhosh [62] 
and also by Penndorf [59] and will be discussed in Chapter VI, Sec. 12(e). 
(2) The premature decay in the intensity of the sodium D-lines from 
the upper atmosphere at sunset. This phenomenon may be utilized for 
estimating the upper boundary of the ozone layer and is referred to in 
Chapter X, Sec. 9. (3) Variation in the intensity of the ultraviolet 
light reflected from the moon during lunar eclipse. This effect, properly 
utilized, enables one to determine the vertical distribution of ozone as 
described below.. Detailed discussion on all the three effects are given 
by Penndorf [58, 59]. (4) To complete the list, one may also add an 

effect observed by Stdrmer [60] in respect of the increase in the lumines- 
cence of noctilucent clouds at sunrise. This increase begins after the 
clouds are struck by solar tajs passing 30-45 km. above the earth, i.e. above 
the main bulk of ozone. 

The method of utilizing lunar eclipse for determination of ozone dis- 
tribution was suggested by Gdtz [57] and first experimentally carried out 
by Barbier, Chalonge and Vigroux [61]. 

During a lunar eclipse the * optical’ shadow of the earth proper on 

the moon is surrounded by the ozone shadow. It is clear that as one 
passes out radially of the optical shadow, one finds that the light in- 
cident on the moon’s surface at different radial distances has travelled 
through different masses of ozone in the ozonosphere at different heights. 
Measurement of absorption of light, received from points situated at different 
radial distances from the edge of the optical shadow of the earth, thus 
enables one (knowing the absorption coefficient) to determine the mass of 
ozone in the different ray paths at different heights above the surface of 
the earth. From these measurements on ozone mass as function of ray 
paths at different heights, it js possible to obtain ozone content as a function 
of height. It is to be noted that the workers mentioned above utilized, 
instead of ultraviolet absorption, absorption in the Ghappuis bands in the 
visible part of* the spectrum. The results obtained agree well with those 
deduced from Umkehr effects. 

The method suffers from the obvious disadvantage that the measure- 
ment can be made only during an eclipse. But it has the advantage that 
whenever such measurement is possible it provides more reliable ozone data 
for the level above the maximum (between 40 and 45 km.) at which other 
methods of measurement are difficult. (See also ref. [63].) 
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CHAPTER V 


OXYGEN AND NITROGEN IN THE UPPER ATMOSPHERE 

1. INTRODUCTION 

The auroral and the night air>glow spectra provide indisputable 
spectroscopic evidence of the presence of o:^gen and nitrogen in the 
atomic state in the upper atmosphere. (See Chap. VIII, Sec. 6 and 
Chap. X, Sec. 4(e). For spectroscopic notations, see Appendix, Sec. 2.) 

Atomic o^gen is produced by the dissociative action of the solar 
ultraviolet radiation in the Runge-Schumann continuum (AAl 761-1200) on 
Os-molecules 

0l+Av->0(lP)-^0(l2)) (1) 

The absorption is extremely strong. In the region A1460, where it is 
strongest, a thickness of 0-0014 cm. at S.T.P. reduces its intensity to one- 
half. Since the amount of Os above 80 km. is much greater than this 
amount, it is clear that the whole of the radiation will be absorbed above 
this level and that the oxygen in the atmosphere above will be mainly in the 
atomic state. 

In contrast to this, the mode of production of nitrogen atoms in the 
upper atmosphere is rather involved, there being no known simple photo- 
dissociation process analogous to that in reaction (1). One is also not sure 
if the nitrogen above a certain level, like o^gen, is almost wholly dis- 
sociated. In fact, our knowledge of the distribution of atomic nitrogen in 
the upper atmosphere is still meagre compared to that of atomic oxygen, 
though, there is no doubt about its presence. 

In what follows we shall first give an account of the theoretical work 
and the results that have been obtained thereof on the height distribution 
of atomic oxygen in the upper atmosphere. A short discussion on the 
processes which may lead to the dissociation of N 2 and on the probable 
distribution of nitrogen atoms in the upper atmosphere as suggested by the 
various workers will then follow. 

2. DISTRIBUTION OF ATOMIC OXYGEN IN THE 
UPPER ATMOSPHERE 

(a) Recombination, processes 

In the state of equilibrium distribution of the 0-atoms there is balance 
between two opposing processes, viz. dissociation of the Ot-molecules and 
the recombination of the 0-atoms to re-form the'Os-moleouIes. Hence, to 
calculate the equilibrium distribution we have to consider, besides the dis- 
sociation of the molecules according to the reaction (1), the possible 
recombination processes which may be effective in maintaining the 
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«quilibrium. The two main recombination processes by which the O-atoms 
can recombine' are, (1) recombination two-body coUision (radiatiYe 
recombination) and (2) recombination by three-body collision [see 
Chap. VI, Sec. 12(o)]. 

Radiative Recombination — (two-body collision). — Let both the oxygen 
atoms be in the normal *P state. Then we have 

0(«i>)+0(*P) — ►0;+Av (2) 

The energy released on recombination is used up partly in ezdting the Os 
molecule and is partly carried away by the quantum of radiation hv. The 
Os molecule might be excited to one of the states appropriate for emitting 
the telluric, hands or to one of the states for emitting the Herzberg bands 
[see Appendix, Sec. (2)]. The probability of recombination in the former 
state is known to be several orders smaller than that in the latter state. 
Hence 'we consider only the process in which the molecule formed is excited 
to.emit the Herzberg bands. If the concentration of the *P oxygen atoms be 
denoted by [0(*P)], then the number of atoms disappearing by recombina- 
tions per unit volume per unit time is given by «[0(*P)]*, where « is the 
recombination coefficient. Unfortunately, the value of a is not known 
with certainty. According to Herzberg [1] its value is of the order of 
10~i* om.>/seo. According to Nicolet’s [2] estimate, however, it is only 
10 -so cm.s/seo. 

Since, in the processes of photo-dissociation 0-atoms in state are 
also produced, we should also take account of the recombination process 
which is reverse of the photo-dissociation process, namely, 

0(»P)+0(iI)) — i^O*,+hv. (3) 

The probability of this reaction is many orders higher than (2) and the 
coefficient of-recombination is estimated to be 2 x 10~i< om.s/8ec. [2]. But 
the effectiveness of the process naturally depends on the number of 
atoms in comparison with the number of sp atoms. 

Three-body eoUieion , — ^In this case we have 

0-I-0+-H — 

where M is the third body which takes away the excess of energy and mo- 
mentum. If the concentrations of 0 and M are denoted by [O] and [Jf ] 
respectively, then the number of 0-atoms disappearing in unit volume per 
sec. by the process is j8[OHJf]. The value of jS is estimated to be of the 
order of 10~** om.*/seo. [2, 3, 4]. 

With the above values of the recombination coefficients we can deter- 
mine the ]«ressnre (or, the number density of particles) at which recombina- 
tion by three-body collision 'will begin to preponderate over recombination 
by two-body collisicm. 

Let [Jf] be the concentration of the colliding particles of all kinds and 
let [Jf], the fraction of [Jf]* ^ concentration of atomic oxygen. Then 
[Af]» the- concentration of the third body, is (I— A)[Jf]. 
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We then have for the rate of recombination by three-body collision 
K^N-?{l^K)[N] p - Z«(l -10[W- 

For the rate of recombination by two-body collision we have£*[^]* a» 
wh^ at is the recombination coefficient. Hence, 

recombination rate for 3-body process Jg«(l— jL)[jy]»j8 /i^K-uwia/ 

recombination rate for 2-body process "* "* ^ "'** 

As stated above, /3 is estimated to be 10~*> cm.^/sec. If the value of 
a is taken as 10*^1* aafi/aeo. after Herzberg [1], the above ratio is found to be 
(1 — jr)[3n Hence, if the concentration of oxygen atoms be small 

compared to that of the third body, that is if £^1 (condition most 
favourable for preponderance of 3-body process over 2-body process), we 
have, for the ratio of the rates, [.9^ lO'^*. This will be greater than unity, 
that is, three-body rate will be greater than two-body rate if [J^]>10i*/om.> 
This atmospheric density prevails at height of about 65 km. But, as already 
mentioned,] the dissodating radiation AA 1751-1200 is totally absorbed 
much higher up. Hence, if the value of a is taken to be of the or^r of 10~i* 
cm.3/seo., radiative recombination by two-body collision will be the process 
determining the distribution of 0-atoms in the upper atmosphere. 

If, however, the value of a is taken as 7*6 x lO”*® cm.*/seo. after Nicolet 
[2], then we find that the atmospheric density at which three-body collision 
begins to predominate is 7-6 x 10i*/cm.> This density prevails at the 
height of 110 km. and is within the region of absorption of the dissociating 
radiation. If, therefore, one adopts this latter value of a, one has to take 
into account, at least for the base of the atomic oxygen region, the dis- 
appearance of the 0-atoms by the three-body collision process. 

It is to be noted that there is a third process, besides the two discussed 
above, by which the O-atoms may disappear. The atmospheric region 
where atomic oxygen predominates is also rich in ionization. Since atomic 
oxygen has considerable electron affinity we would expect copious formation 
of negative ions of atomic oxygen and the following reaction is possible: 

0~+0 — ►0,-fe (4) 

Here the attached electron acts as the third body carrying away the extra 
energy and momentum. The probability of this reaction has been exam- 
ined by Massey [6] and is found to be of the same order as that of radiative 
recombination of O-atoms. Loss of O-atoms due to this reaction, however, 
depends upon the concentration of 0~ ions. 

Distribution of atomic oxygen in the upper atmosphere has been com> 
puted by different authors by taking either the two-body or the three-body 
process as the principal recombination, process. The results generally 
agree in that the region of atomic oxygen is found to lie almost entirely 
above 90 km. The actual distribution curve and the portion of the maxi- 
mum concentration differ, however, by significant amounts from the work 
of one author to that of the others. 
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The problem of the photo>dieaooiatipii of the Ofmoleoules and the die* 
tribntion of the reeulting O-atome in the upper atmosphere is very similar 
to that of the jdioto-iomzaticm oS the atmosphraio gases and the disteibuti<m 
of the resulting eleotrcms and ions in the upper atmoefthere. The latter 
I»oblem luw been extensively studied in eonheotion vith that of the for* 
mation and stratification of 'the ionosphere add is discussed in Chapter VI, 
Sec. 10((Q. The problem of 0| has also been studied by analogous methods. 
In what follows we will first describe in some detail an elej^t method in 
which an extension of Saha’s well*known the<Mry of thermal ionization [6] 
is aSapted to the present problem of dissociation. Results of studies 
other methods will be given briefly afterwards. 


H) Eztenaion of the thermal dissociation metiiod 


As mentioned above, the extension of thermal dissociation method is 
based on the weU*known theory of thermal ionization of Saha [6]. Thermal 
ionization is regarded as a case of reversible chemical reaction so that tiie 
percentage of mdecules ionized in a gas in an endosure at a given pressure 
and temperature can be calculated in just the same way as in homogeneous 
chemical reaction. In this case the enclosed radiation at temperature T 
is obviously in tiiermodynunic equilibrium with the ionization {nroducts. 
But we can also have the case where the radiation is at a temperature higher 
than that fixed by the thermodynamical equilibrium condition. This 
lattw condition prevails in stellar atmosphere, where the comparatively 
cool envelop of gas is traversed by radiation at much higher temperature 
from the hot body of the star inside. The theory of thennal ionization has 
been extended by Wol^er [7] to such cases. This extension of the theory 
of thermal ionization had been applied by Pannekodr [8] to study ionization 
distribution of tiie terrestrial atmosphere which is traversed by^hot radiation 
from- the sun. Since the case of dissociation molecules is ai^ogous to 
that of ionization, the method of Pannekoek may also be apj^ed to the 
study of dissociation of Og*moleoules. This was first done by Majumdar [9] 
who obtained the distribution of 0*atoms in the upper atmosphere. In 
what follows we will demribe this method in some detail after the more 
rebeht work of Rakshit [10] on the subject. (See also ref. [10a].) 

(i) Case of themodynamie equUibrivm . — Consider first the case when 
the gas and radiation are at the same temperature in thermodynamic eqniH* 
brium. . The equilibrium condition is given by the so*called reaction isoekore. 






( 6 ) 


where n^, ug, n^g are respectively the numbers per unit volume of firee 
atoms A and B and the molecule AB, 

O ■■ OxOgfOgg, 

Oa, Gg—th» statistical weights of the normal quantum states of 
the free atoms. 
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Gab — statistical weight of the ground state of the eleotronio 
configuration of the molecule, the nuclei being regarded as 
fixed, 

— ^the sjmimetry number of the molecule and is equal to 2 
when the (two atoms produced by dissociation aro identi* 
cal; when the atoms are not so, s wm 1, 

/-Q — ^the mean separation between the atoms, 

JIf — ^the reduced mass of the molecule and given by 


mAma , 


m 4 ,mB being the masses of the corresponding atoms, 

D — ^the energy of ,^iesociation of the molecule AB into its 
constituent atoms A and B, 
tti — ^the fundamental vibration frequency of the molecule. 

From the above relation, knowing the values of the various atomic 
constants, one can calculate the proportion of molecules dissociated fw any 
pressure and temperature. If one of the two' dissociated atoms, say At 
be in an ezdted state A', then for the relative numbers of the excited and 
unexcited atoms we have, firom Boltzmann's law. 


It-A 


Oa^ 


9 


where E is the energy of excitation of the atom A. This is justified in cases 
where the lifetime of the excited atoms is large compared with the time 
between successive atomic collisions. Substituting in (6) 




. V X D+E . 

K 



O's I 

(Mkry ’’nrf 



L »^S Jo 

"kfo*’ 

1 8e j * V 

1 

• • 


where the suffix (0) refers to the case of thermodynamic equilibrium; 

Q' ■* O'A’OalOAB- 

It will be noted that Eqs. (5) and (6) giving the degree of dissociation 
of the molecules are derived fr'om the condition that in the equilibrium 
state the rate at which the molecules dissociate into atoms is equal to the 
rate at which they are formed by recombination. They do not midm any 
reference to the details of the mechanism by which the equilibrium is main* 
tained. 

These relations may also be obtained by taking into account the details 
of the absorption processes which lead to dissociation and the collision 
processes which lead to recombination. • 

IXBtoeiation. — ^Let the threshold fr^uency for dissociation be i^. 
Then the numbw of absorption processes per second per unit volume due to 
isotropic radiation within the frequency range v and v+dv (v > viq) which 
leads to dissociation is 


nAB>kpCp,dvlhv, . . 


(7) 
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where ^ is the molecular abswptioii coefficient and p, is the denMty of 
radiati<m of fireqnency v. 

The dissociated atoms A and B will separate with a rdative velocity V 
given by 

iMV=^hp-hvo, ( 8 ) 

where Tm^ = D, the energy of dishociation. If one of the dissociated atoms 
be in an excited state and E be the energy of excitation, then hvo * D+E. 

Beeombination. — ^The atoms thus formed will, in turn, recombine to 
form back the original molecule AB. We assume that the gas absorbing 
radiation is raised in temperature and that in spite of the fact that the 
disBOCiiated atoms are ejected with velooities according to Eq. (8), the velo* 
cities of the particles settle down to Maxwellian distribution corresponding 
to the equilibrium temperature of the gas. 

Now the total number of collisions of the atoms with relative velocity 
between V and 7+dF is 

MV* 

where «e is a coefficient having the dimension of an area, which is a function 
solely of the atoms and the relative velocity with which they collide. But 
every one of these collisions does not result in recombination. And, the 
total number of qmntaneous recombinations, due to collisions, per unit 
'^lume per second may be written as 

MV* 

w 

where quantity proportional to (See below.) 

Besides spontaneous recombination, there may be recombinations 
stunulated by the radiation field, given, as usual, by 

stimulated recombinations c^Py 
spontaneous recombinations ~ sIt^ ’ 


Therefore, the grand total number of recombinations is 




MV* 

e ***' F»dr. 


.. ( 10 ) 


The expression for is easily obtained from the ratio n^.n given 

in (6), sinoe (7) and (10) should be equal for any frequency v > vo. Thus, 

beoauae MV dV ^hdv. For isotropic radiation, 

SirAi^ 1 
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Sabstitiiting in (11) we get on aimplifioation 

/> _8irVo« 1^*1’ V* 

P"" ’ \MV*' 


.. ( 12 ) 


(ii) Com of radiation of higher temperature . — Consider now the case 
when the gas, at a temperature T say, is being traversed by radiation innn 
an external source at a much higher temperature Tx, e.g. finm the sun 
considered as a black body at 6500°K. In this case the gas and the radiation 
traversing it are not in thermodynamic equilibrium and the nunlber of 
molecules dissociated per second is not controlled by the temperature of 
the gas but by the temperature of the external radiating body whose ultra- 
violet radiation will cause photo-dissociation. 

If I^dv be the amount of energy within the frequency range v and 
v\-d» passing through unit area of the gas per second, then the number of 
absorption processes per second per unit volume is 

njmp^I^dvjhv ... . . (7o) 

The corresponding humber of spontaneous and stimulated recom- 
binations is 

(ii')* (’+^) 


It should be noted that in this case expressions (7a) and (10a) will not be 
equal for every frequency as in the previous case of thermal equilibrium but 
the total energy involved in all the absorption processes taken together 
must be equal to that for all the recombinations. This is fulfilled by mul- 
tiplying both (7a) and (10a) by hv, integrating and equating as follows; 

^ V(ii 


f oo .t'-* I 


V^hv dV. 


Substituting for and converting V in terins of v by (8) 



For the case under consideration the atmosphere is receiving diffuse dilute 
radiation within a small solid angle XI from the black body (sun at 6600”K.) 
at a large distance. The value of 7, at the top of the atmosphere is given bj* 


W 


SwAv* 1 
*72“- 


Q R* 

where W — the dilation factor "* |^ ** ^ > 


radius of the sun = 6'95x lO^** tms., 
r— sun’s distance from earth = 1'494 x lO^* cms. 
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Tha intensity is further weakened as the radiation penetrates into the 
atmosphere. H H be the total number of absorbing gas mdleonles above 
one sq. cm. at the desited levd having absorption coefficient the reduced 
intensity at that level is 




8irAi« 1. 

c« 




Thus finally 



If X denotes the degree of dissociation, i.e. the fraction of molecules AB 
dissociated into atoms A' and B then for N moleculeB/cm.* b^ore dissocia* 
tion, we get 

N (1 — x) moleonles AB, 

Nx atoms A', 

and Nx atcmis B, 

i.e. a total of partides/cm.* afl» dissociation. Therefore if 

represents the equilibrium pressure due jointly to AB, A' and B after 
dissociation, then 


where p — pressure doe to AB htfon dissociation, expressed in dynes/cm.* 
Therefore 

1 — l—x’J^’ 

P ’ *A» 



The integral in the denominator on the right hand side is practioally 



on account of the extreme smallness of IF. To evaluate this we most 
know the values of ahs(»ption coefficient ^ for all frequencies within the 
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Abeoiptioii band. Our only knowledge of this in oaae of oxygen ie from 
the experimental resnlte of Ladenbnig and Van Voorhis [11] and the TafaieB 
of ^ in Table I an obtained from their paper. Farther, conaidering the 
rapid rariation of with v as seen from Table I, the quantity may, 

for the pntpow of integration, be regarded as a oonstant having the valae 
oonaQwnding to for whioh the valae of e~^l^ is a maximum. 


Tasia I 

T tm S00*K (average value for the region eonoemed) 




■ 

•71 

•75 

•80 

•90 

1*26X10-”* 

tf*61XlO-“i 

1*97 X 10-”* 
2*07X10-*“ 



•90 9*07 X 10-*“ 


-ktlW /*• -hrfhT 

Hence J ^^,i<«e dvd, J « dv 

- [^r**] x^e"**^**’- 6*702 X 10». 


- rO 

Substituting in Eq. (16) and introducing the numerical values of the 
juantities involved, we finally get 


-X pit 

this equation p the partial pressure of Ot at the level oonsidMed is ex> 
Bssed in dynes/om.* Expresong p in mm. ot mercury, the formula re* 

MM tn 


In order to find the value of z at different leveb a knowledge of tem- 
perature and partial pressure of Ot at each level is necessary. These data 
are not known with certainty but those that are con^dered as moat 
fusible may be used. 

Regarding temperature we may assume, after Martyn and Pulley [12], a 
vahm' of 160”E. at 80 km. and a linear temperature gradient, increasing 
with height at the rate of d’E. per km. This to or the assumption that the 
temperature in the vicinity of Ei-layer is about 260*K. 

Regarding partial pressure we may assume that if Ot were not disso- 
ciated, the coddition of thorough mixing of Ng and Ot would haye been main- 
tained up to at least 130 km. as eztots at lower levds. This to justified 
because even up to this height the tenden<7 for diffusive separation to 
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iMi g H gtWy MiiM.li [ 13 ], The preesure in this region M obtained from radio 
obaervationa ia 10"* mm. at 100 km. Sinoe this oorreqponda to about 
0*2 om. of Ok at S.T.P. most of the disaooiating radiation be abaorbed 
higher up. We oan therefore assume that the atmospheric composition 
at 06 km. is not far diffarent from that at the ground and that Nf and Oa 
exist almost in the same proportion, namely, 20 per cent Og 80 
per cent Ng in round figures. Starting with tUs preesure and assuming 
the temperature distribution as indicated above, the partial pressure of 
Og at diffisrent heights (if there were no dissociation) oan be calculated. 

The iiiitial total pressure P, due to Ng and Og at any level z cm. above 
80 km. (in the 80-180 km. region) is thus given by 

gm 

p.-Pooa+«*) 

where ct is the coefficient of increase of temperature with height above 80 km. 
level( Mi 2*6xlO'‘V°E. per om. per degree); Tq is the temperature at 80 km. 
level ( SB 180^) ; g is the acceleration due to gravity; m is the mean mole- 
cular mass of t^ air in the region (in gm.) and k ( s 1*371 x 10**^* erg 
per degree), the universal gas constant. On substitution, 

P.-Pso(l +«)-•“* 

A Mitwifig PiQQ s= 10~> mm., we find Pgg = 3>14x 10~* mm. and hence 
Pa =3 3*14x 10*** (1 -l-as)'*** mm. Table II gives the values of P, and p., 
the partial pressure due to Og, at different heights above 80 km. 


Tabud n 


• (km.) 

B 

P, (mm.) 

P, (am-) 

s(km,) 

T 

P,(mm.) 

P, {rom.) 

5 

V 

150 

M5X10-* 

2-80 X 10-» 

B 

280 

2-70 X lOr-4 

5-40x10-4 

10 


4-71X10-* 

9*42 X 10-« 

wm 

300 

1-60 X 10-4 

3-00 X 10-4 

15 

220 

2-00 X 10-« 

4-18xl0-« 

19 

320 

8-68x10-4 

1-74x10-4 

D 

240 

i-ooxio-« 


45 

340 

5*19x10-4 

1-04x10-4 

n 


5-05x10-4 

1-01 X 10-4 

50 

360 

8-19x10-4 

6-38x10-4 


by 


(iii) Dissoeialiofi at different levda . — The quantity H in Eq. (17) is given 


where p is partial pressure of Og before dissociation expressed in atmospheres, 
H is heic^t of the homogeneous atmosphwe for Og and N is number of 
molecules rff gas per cm.* at S.T.P. Hienoe N 3 = 2*861 x 10**p, where p is 
expres s ed in mm. of ineroury. Eq. (17) thus finally reduces to 


X* 

l-x 


6*627 Xl0-**Vr 


f. 






> dv. 


** (18) 


P 


eM^^i-1 
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The Taluee p and T for any leT«l are obtained teem Table 11 and the 
integral is eralnated by graphical method. Table m gives the vahiea of 
the fraction x of Ofmoleoules diasodated at various heists, the equilibrium 
conoentrationa ngj of 0| and of 0 and also the total amounts of Os and 0 
above each levd in the region studied. 


Tablb m 


above 

ground 

(km.) 

Degree of 
dis80(Diation 

«0, 

*»o 

Amount of gam 
(om. at S.T.P.) 

0, 

0 

86 

0-00 

1-243x1014 

0-00 

2-302 

0-260 

90 

2*06xl0'S 

4-581x101* 

2-712x10* 

0-866 

0-260 

05 

710x10-4 

1-847x101* 

2-624x101* 

0-818 

0-258 

100 

6-70x10-* 

7-561x101* 

1-01)6x101* 

8-570x10-* 

0-251 

105 

0-630 

1-398x101* 

4-761x101* 

i-mxio-s 

0-190 

no 

0-956 

8-250x1010 

3-585x101* 

5-885x10-4 

0-118 

115 

0-094 

5-835x10* 

1-752x101* 

5-254x10-* 

6-88x10-* 

120 

0-998 

5-288x10* 

1-057x101* 

6-336x10-* 

8-68x10-* 

125 

0-999 

8-025x107 

5-95x1011 

1-883x10-* 

2-20x10-* 

130 

0-909 

1-724x107 

3-45x1011 

4-000x10-7 

1-34x10-* 


It frill be seen from Fig. 1 that the density of Os-molecules decreases 
very rapidly frith height above 100 km. At the same time the density of the 
oxygen atoms which is almost zero at 80 km. inoreases rapidly with height, 
attains a maximum at about 106 km. and then gradnaify decreases. The 
transition layer in which the density of Os rapidly decreases plays an ex> 
tremely important part in the production of the F-layer of the ionosphere. 
This is discussed in Chapter VI. 

(c) Results of other Investigations 

Dissociation of Os in the upper atmosphere has also been studied by 
several .other workers. We describe below briefly the results obtained. 

Chapman [14] was the first to consider the dissociation of Os-molecules 
and recombination of 0-atoms in the upper atmosphere and estimated 
the position of the region of transition Os-^O-f-O. 

According to Wulf and Deming’s [3] calculation the concentration of Os- 
molecules is less than 2 per cent at 100 km. and the height of half dissociation 
of the same is 89 km. The shape of the transition layer is ■imiUr to that 
given in Fig. 1. Chapman, and also Wulf and Deming, assume that tiie 
O-atoms recombine to form Os-molecules by three-body collision process. 
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Via. 1. Oirtribntioii of •tomio and tnoleeular oxygon in the upper atmosphere. Due 
to dissociative action of solar ultraviolet radiation (A < 1761) the density of mole- 
oular o^rgen rapidly diminishes above 96 km. Above 130 km. the atmosphere 
oonsista practically of JUg and 0. (After Rakshit.) 


Fkondorf [4] has. calculated the Tcrtical distribution of oxygen atoms 
using different values of intensity of the incoming radiation (corresponding to 
different assumed temperatures of the sun), different zenith distances of the 
sun, and different rate constants (coefficient of recombination by three-body 
collisions). It is found that the thickness of the transition layer is about 
10 km. arid its mean height lies between 100 and 110 km. It is also shown 
that the effects of varying the intensity of the incoming radiation and of the 
rate constant are large, but the effect of variation of the zenith distance of 
the sun is of little importance. 


3. ATOMIC NITROGEN IN THE UPPER ATMOSPHERE 

Diuoeiation proeesa . — ^As already mentiemed there is no simple photo- 
dissooiatkmprooessfior Xg analogous to that given by Eq. (1). Ofthevarhras 
probable processes suggested [IQ, dissociative recombination of Xg'*' ions 
seems most pr<»nising : There is evidence of the presence of Xg*** ions in the 
upper atmosphere both in the auroral regions and also in oteer parts where 
solar radiation is acting. (See Chap, yni, See. 6 and Chap. X, See. 4.) 
These i<ms, on collision with electrons, undergo dissoeiAtive recombination, 
tiiat is, the ion on being neutralized dissociates into (excited) atoms. Ac- 
oording to Bates [16] such dissociative recombination process has a hij^ 
probability, the coefficient being of the order of 10*? cm.*/*- EBtra has 
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disanased ttiis prooeas and haa ahown that, under oertain condition, the 
following reaction haa a high probability [17], 

N,+(Z')+«-».N(«P)+N(«Z)) (19) 

Here, the energy anpplied by the left-hand aide (if the Ni'*’ ion ia in the 
loweat yibrationai leyel c' m 0) is 16*58 eV, the ionisation energy of 
The energy demanded by the right-hand aide is the total of the dissociation 
energy of the Nt-oioleoule (9-76 eV, Qaydon’s value [18]) and the energies 
of the two excited N-atoms (3*56 eV-|-2*37 eV ■■ 6*93 eV), i.e. 16*96 eV. 
The demand is thus in excess of supply by 0*11 eV. This deficienoy in 
supply is made-up if the reacting Ns‘*’(Z0 ion be in some low vibrational 
level v' > 0, instead of in the lowest level. The presence of Na‘^(X') ions 
in such vibrational levels is evidenced by the spectral composition of the 
first negative bands. The reaction also explains the emission of the ob- 
served atomic nitrogen lines in aurorae (see Chap. VIII, Sec. 3(a)). 

Abundance of nUrogen atoms . — ^Various estimates of the proportion of 
nitrogen atoms in the regions of auroral display have been made. Accord- 
ing to Dufay [19], at very great auroral' heights, the nitrogen atoms in the 
W state (metastable life 8 hours I) ore seven times as numerous as the 
oxygen atoms in the W state (from which the red auroral lines are emitted). 
According to Gkiuzit [20] the nitrogen (like oxygen) is mostly in the atomic 
state above 100 km. and the proportion of Nf falls rapi^y to 10~* at 
greater heights. This latter conclusion, however, seems hardly justified, 
because, the emissions of Na and Na'*’ bands (speoiaUy of the latter, the 
first negative bands) from the hij^est limits of aurorae indicate that mole- 
cular nitrogen is present in appreciable proportion in such regions. The 
estimate of Bernard [21], namely, that the dissociation of Na is one-fifth at 
the base of the aurora and three-fourths at the upper limit, seems more 
reasonable. (See also ref. [22].) 

It is to Ito noted that the presence of any atomic nitrogen lines in the 
night sky air-glow spectrum is very doubtfbl. This, however, does not 
mean that nitrogen in the atomic state is not present in the quiet night 
sky. It merely shows that there may not be presort in the quiet night 
sky any effective mechanism for excitation of the N-atoms. It is to be 
mentioned that Na*** ions are produced by absorption of solar radiation 
A < 796A. Hence the dissociative recombination of Na*** ions, as indicated 
by Bq. (19), must be going on in all parts of the globe. 

The contemporary state of knowledge regarding the prevalence of 
atomic nitrogen in the upper atmosphere may perhaps be thus summarized : 
Nitrogen in the atondo state ia present in the upper atmosphere speciall}' 
in the auroral regions. Its proportion in regions removed from auroral 
displays is also not inconsiderable. It is, however, dot so abundantly 
present as atomic o^gen. 



CHAPTER VI 
THE IONOSPHERE 
1. INTRODUCTION— HISTORICAL 


Perhaps the most important effect of solar ultraviolet radiation on the 
upper atmosphere is the ionization of its constituent gases. The ionization 
commences from a height of about 60 km. and extends up to the highest 
limits of the atmosphere. The density of ionization is not uniform through- 
out; there are ‘regions’ or ‘layers’ of maximum ionization. These ionized 
regions — ^known coUectively as the itmotphen * — ^play a fundamental r61e 
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Fio. 1. Ionized regions of the upper atmosphere. The relative density of ionization 
is roughly indicated by the depth of shading. During daytime another region 
of ionisation is sometimes formed immediately above JBf; this is not diown. 
Mgion D is mainly an absorbing region. At night this region disappears and 
also Fi and coalesce to form a single Region F. 


* The term itmoophofo im due to Watson Watt. 
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in the propagation of radio waves round the ourved surface of the earth; 
but for their presence, long distance radio communication would have been 
an impossibility. Fig. 1 depicts* roughly the region of the atmosphere 
occupied by the ionospheric 'layers’. 

The success of Marconi in 1901 in sending wireless signals from Cornwall 
to Newfoundland was the source of considerable discussion m scientific 
circles as to the mode of propagation of wireless waves round the curved 
surface of the Atlantic. Since wireless waves are nothing but electro- 
magnetic waves as constitute radiant heat and light, it was natural to 
suppose that the phenomenon was one of diffraction and physicists and 
mathematicians like Macdonald [1], Rayleigh [2], Poincar6 [3] and others 
[4, 5, 6] directed their attention towards solving the problem of the 
diffraction of the waves by a spherical surface like that of the earth. 
Calculations showed, however, that the diffraction effect was quite inade- 
quate to explain the observed bending of the waves round the curved surface 
of the earth. 

In 1902, Kennelly [7] in America and Heaviside [8] in England almost 
simultaneously postulated the existence of a conducting layer in the upper 
regions of the earth’s atmosphere and suggested that this layer might 
deflect the radio waves and force them to follow the curvature of the earth. 
Heaviside further made the suggestion that the conductivity of this r^on 
is due to the presence of positive and negative ions produced, most probably, 
by the ionizing action of solar radiation. It should, however, be mentioned 
here that as far back as 1878, Balfour Stewart [9] postulated the existence 
of conducting strata in the upper atmosphere in connection with his theory 
of the daily variation of the earth’s magnetic field (see Chapter VII). 

The actual manner in which the charged particles affect the propagation 
of radio waves was first pointed out by Eccles [10] in 1912. Some essential 
details which were lacking in Eccles’ theory and for which it lay undeveloped 
were supplied by Larmor [11] in 1924. •The.Eccles-Ijarmor theory is now 
regarded as the basic theory of radio wave propagation in the ionosphere 
and has been supplemented by the so-called magneto-ionic theory developed 
by Appleton, Hartree, Goldstein and ‘others. 

The conducting upper atmosphere, though postulated by Kennelly and 
Heaviside in 1902, lacked direct evidence as to its existence till 1924. Agree- 
ment of quantitative measurements on long- wave field strength with Watson- 
Eckersley formula, and the many peculiar features of short-wave propa- 
gation discovered since 1921, pointed towards the existence of such a layer. 
But these phenomena were only evidence of an indirect nature. The 
first direct eddence came in 1925 when Appleton and Barnett [12], by 
comparing the intensities of fading of signals received simultaneously on a 
loop and on a vertical aerial, proved the existence of indirect or sky wa’tes 
coming down after reflection from the Kennelly-Heaviside layer. Imme- 
diately afterwards, Smith-Rose and Barfield [13] detected the presence of 
downcoming waves by employing direction-finding apparatus of their own 
design. These experiments not only gave direct evidence of the reflecting 
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layer but also disclosed some of its properties, e.g. its height, reflecting 
power. But perhaps the most striking evidence was that furnished by 
experiments by Breit and Tuve [14]. These authors showed that a wave 
packet or a 'pulse ’ of small duration sent out from a transmitter produced 
two (sometimes more) impulses instead of one in a receiver placed a few 
kilometres from the transmitter. The obvious conclusion was that the im- 
pulse coming first was due to the direct wave travelling along the ground and 
those coming later were due to indirect waves or echoes reflected from 
the ionosphere. * This method — ^the so-called ' pulse ’ or group-retardation 
method— developed and improved by various workers is now the most 
powerful method of investigating the ionosphere. 

The radio wave is thus one of the most useful tools at our disposal for 
studying the high regions of the atmosphere hundreds of kilometres above the 
surface of the earth. The famous Piccard balloon ascended up to 16 km. ; 
the sounding balloons sent by meteorologists seldom reach beyond 35 km. ; 
the rockets may reach up to 200 km. But, the. radio waves can ascend far 
beyond heights and, when they come down 'reflected* by the iono- 
spheric layers, they convey with them indelible messages regarding the physi- 
cal conditions of the upper atmosphere which are quite as useful as those 
recorded by instruments carried by sounding balloons or rockets. For 
interpreting these messages it is, however, necessary to make a close 
study of the mode of propagation of the radio waves through the iono- 
sphere. This has to be made not only for the simple case of propagation 
in a medium containing ions and electrons, but also for the more com- 
plicated case when the ionized medium is traversed by a magnetic field 
as that due to the earth. 


2. PROPAGATION OP ELECTROMAGNETIC WAVES IN AN 
IONIZED ATMOSPHERE (RAY TREATMENT) 

In this section we shall first discuss after Eccles [10] and Larmor [11] 
the simple case of propagation of electromagnetic waves through a medium 
containing ions and electrons in the absence of any external magnetic field. 
We shall then proceed with the more complicated case of propagation in the 
presence of a magnetic field. 

Throughout this section it will be assumed that the extent of any 
inhomogeneity in the ionized atmosphere is large compared to the wave- 
length. For example, if there is a horizontally stratified ionized layer the 
ionization density increasing with height, then we assume that the ioniza- 
tion density does not change very appreciably within the distance of one 
wavelength. Under such conditions the propagation of a wave may be 
treated from the point of view of the propagation of a ray after the manner 
of geometrical optics. This we call ' ray treatment The case where ray 
treatment fails — when the wavelength is large compared to the extent of 
the inhomogeneity — will be discussed in Sec. 3. 

12B 
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(«) Propagadon In the absence of magnedc field— Theory ot 
and Larmor 


(i) The fundamental equation . — ^Let the ionized medium contain N, 
electrons per cm.*, each of charge e and mass m. When an electromagnetic 
waTO travels through such a medium, the motion ofthe electrons is influenced 
by the electric force of the passing wave. For simplicity, let us suppose the 
wave front to be plane and the wave plane-polarized. The electrons will 
then find themselves in an electric field of fluctuating intensity given by 
E=E^ sin ft, Eo being the amplitude of E and p the angular frequency 
of the wave. The electrons will vibrate under the action of this force and 
if, for the moment, we neglect the collision of the vibrating electrons with 
the neighbouring neutral atoms and molecules, we can write the equation of 
motion of an electron as 


s Eifi tmpA, 


(1) 


where ^ is the instantaneous velocity of the electron in the direction of the 
electric field. Integrating we have 




Epe 

mp 


cos pi. 


( 1 . 1 ) 


where the integration constant has been made equal to zero by a proper 
choice of the phase. This motion of the electrons produces a convection 
current, the density of which is given by 


NM 


EoN,e* 

mp 


cos pi. 


( 1 . 2 ) 


where N, is the number of electrons per cm.* 

Now, at the point under consideration, there is also a displacement 
current due to the fluctuation of the field intensity given by 


4ir dt 


KEp 

■■ ~^P 00 * TU 


( 2 ) 


K being the dielectric constant of the medium itself without the electrons. 
The total current is, therefore, given by 


4^N,e* \Epp 
mp* J 4ir 


cos pi. 


The presence of the electrons has thus the efiect of reducing the dielectric 
constant* of the medium from K to K — 4«’N.e*/mp*. In empty space, 
f =sl, and the phase velocity of electromagnetic waves is equal to e, that of 
light. The presence of electrons in an otherwise empty space thus reduces 
the dielectric constant from unity to 1— 4irN^*/mp*, and alters the phase 
velocity from e to « given by 

c 

i»p* 



( 3 ) 
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Th# most importaRt effect of the reduction of dielectric constant to a 
value less than unity is that electromagnetic waves sent upwards from 
the surface of the earth may be bent down by ‘reflection’ from the ionized 
regions of the upper atmosphere. If we imagine that the electron density 
is increasing from bottom upwards, then it is easy to see that the direction 
of propagation of an electromagnetic wave incident obliquely on the ionized 
stratum will be gradually bent down. In Fig. 2, AB represents a small 
section of the wave front, incident on the ionized stratum represented by the 
shaded region. Since the top portion of the wave front is moving in a 
region of greater electronic density, its phase velocity is also greater. The 
wave front thus veers round and ultimately proceeds downward. It is 
obvious that the presence of such an ionized region surrounding the earth 



Fzo. 2. Bending of the path of a ray by an ionized region. The top of the wave 
front (AB) being in a region of higher density moves faster. T — ^Transmitter; 
Receiver. 


will have the effect of conflning to the earth radio waves which would other- 
wise escape. 

We can easily dbduce the condition for which the wave will be totally 
reflected from the ionized region. We flrst note from Eq. (3) that the 
refractive index of the ionized medium is given by 


e f 47r^,c* 


(4) 


Considering Fig. 3, let AB be the lower boundary of the ionized stratum, 



Fxo. 3. Path of a refracted ray in the ionosphere. 
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the ionization inoreasing from bottom upwards. Let the wave be inddent 
on AB at an angle » to the Tertioal; then, aaeuming that th^ strata of equal 
ionization are horizontal, and that the refiaotive index of the region just 
below AB is unity, the angle 0 which the refracted ray would make with 
the vertical at any point S is given, according to Snell’s Law, by 


sin 0 


sin i 

' 


( 6 ) 


where is the refractive index of the ionized medium at the point. It is 
obvious that the direction of the ray will be horizontal, that is, the wave 
will be totally reflected at the point where ^ «= fr/2. If ft^ represents the 
refractive index of the medium at this point, we get for the condition of 
total reflection, 


sin i 


1 


Mo 


or 


sin * B ^ 



WIf * * 


•• ( 6 ) 


where is the value of the electron density at the point of reflection. 
If the wave is incident on the ionized layer verticaUy, then t ==0, and the 
condition for total reflection is given by 


or 




( 7 ) 

(7.1) 


A more general condition of wave reflection may be deduced as 
follows [31] : Let a wave of wavelength A (in vacuo) be incident on a 
horizontally istratified ionized {region at an angle % with the vertical. Let 
the plane of incidence be the YZ plane, the Y- and Z-axis being along the 
horizontal and vertical directions respectively (Fig. 3). 

At the point (y, z) in the path of the ray, let 0 be the angle between 
the direction of propagation of the wave and the vertical. The wave 
function appropriate to this level may then be written in the form 


exp (sin ^ . y+oos 0 . «)} J , 


(8) 


where is the refractive index of the medium at the level of (y, z). If 
be the velocity of phase propagation at the same level in the direction 
^,then/i^ » cfu^. 

Now imagine as a vector, the direction of which is that of the pro- 
pagation of the wave. The horizontal component of this vector is then 
sin 0 (Fig. 4). By Snell’s Law this is equal to sin t, and is therefore a 
constant. The vertical component is cos ^ and is variable. Patting q 
for § 1 ^ cos the above wave function can be written as 


exp 


[ 


j . ^ {et—rin i . y—qz 



( 9 ) 
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The propagation of the wave through the ionized layer can now be com- 
pletely described by this wave function if the variation of q with z in the 
medium is known. 


z 



Fxo. 4. Illustrating phase propagation. 


The variation of q with z in a horizontally stratified ionized region in 
which increases with height is depicted in Fig. 5. At the point of inci- 
dence, represented by I in the figure g=cos %, for 0 = t and = 1. 



As the wave proceeds upwards, both § 1 ^ and cos 0 decrease, so that q gradu- 
ally diminishes until it reaches zero vfjue at the level where 0 is equal to 
ir/2, represented by the point C in the figure. As the value of 0 increases 
further, the curve turns back towards the g-axis reaching it at the point B 
where q^ — cos «, being symmetrical with respect to the top curve. The 
physical sigmficance of this curve is obvious. At the point C, ^ » nl2 and 
this is the point where the upgoing wave is reflected down. In fact, the top 
half of the curve may be taken as representing the propagation of the up- 
going wave and the lower half that of the downcoming wave. At the 
turning point C, 

dq d . 


.. ( 10 ) 
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This condition, namely, that the wave is totally reflected at the point'where 
dqjdz === 00 , is more general than the condition /Li = 0 for vertical propagation 
or ft = sin i for oblique propagation. It will be noted that for vertical 
propagation, q is identical with /a and Eq. (10) reduces to 



( 11 ) 


As mentioned in the introductory paragraph, the conditions deduced 
above are based on the ray theory of wave propagation. This theory 
obviously breaks down when /i->0 because at this point the wavelength 
A in the medium tends to infinity. Nevertheless, though we cannot say 
what exactly is the mode of propagation at the point of reflection, the 
simple ray treatment gives us the trajectory of the ray correctly immediately 
before it enters into and after it emerges out of the region of reflection. 

It has so far been assumed that the charged particles are electrons. 
The same treatment would hold good for ions, the only difference being that 
ions being heavier than electrons, a much larger number density would be 
necessary to produce the same increase in the phase velocity and conse- 
quently to produce the same bending in the path of the electromagnetic 
wave. It was Larmor who first pointed out the relative importance of 
electrons on account of their low mass in modifying the propagation of 
electromagnetic waves in an ionized medium. 

(ii) Effect of collision , — ^In writing out the fundamental equation (1), 
we neglected collisions, if any, of the vibrating electrons with neighbouring 
particles. This we now take into account, because in the case of the iono- 
sphere, collisions always occur due to the presence, in large numbers, of 
neutral particles and heavy ions besides electrons. The collisions destroy in 
part the directed momentum of the vibrating electrons, the ultimate effect 
of which is to cause absorption of energy from the electromagnetic waves 
traversing the ionized medium. The ionosphere, in fact, behaves as an 
absorbing medium of conductivity * 

N.ttv 

where v is the frequency of collisions per second. As such, it has a complex 
dielectric constant k' given by 



and a complex refractive index jlf given by 

•• •• <’»> 

where /a is the refractive index of the medium and k the absorption per unit 
length of path so that cl/p is the absorption per length of path A/2ir, A being 
the wavelength in vacuo. 


* For the proofs of the equatioiiB jn this section see Appendix S. 
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Further, for the value of <r for the ionized medium given above, 


Jf*= 1+ 


where 


_ mp* - mpv 


(14) 


Hence from Eqs. (13) and (14), separating the real and imaginary parts, 


and 




1+ 


a*+)Ss 


1 - 




2 — ^ /3 ^ 4irN,e^v 

«*+/9* f«p(p*+v*)* 


Or, from Eqs. (15) and (16), 


«*+)8* 

a 


+1 


«*+iS* 


(16) 

(16) 

(17) 

(18) 


Fig. 6 shows how p* and (ch/p)* vary with the electron number density N, 



Fio. 6. niuatrating the variations of pfl and (ekip)* with electron number density N, for 
different vtdues of collisional frequency » and for a wave frequency of 4 Mc/s. 
The continuous curves are for ^s and the broken line curves are for (ckfp'p. 

Curves (1) for s • 10* ; (2) for v “ lOr ; (3) for r =» 2*81 x lOr ; (4) for r »• 10*. 

for the value of p corresponding to 4 Mc/s. The curves are drawn for the 
following values of v: (1) v = 10«, i.o., v^p; (2) v = 10^, i.o., v<p; 
(3) v=sp = 2'51xl0^; and(4)v = 10*,i.o., v>p. The general trend of the 
curves shows that for any value of v, the value of p* falls or has a tendency 
to fall below unity; it passes through a minimum and then rises rapidly 
with increasing values of N,. 
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If £ is small, so that (eklp)^ may be neglected compared with p*, the 
expression for p* assumes the simple form 

<>'•') 

This expression, however, holds good only over a very limited range. The 
tme value of fi* begins to depart considerably from that given by the simple 
4irN e* 

expressfon, as tends to unity. In fact, when the collisional term v 

is present, p* according to Eq. (17) cannot become zero or negative, as it 
could otherwise be if v were zero. It is to be noted, however, that the 
expression on the right of Eq. (15.1) is rigorottaly equal to the dielectric 
constant, because the dielectric constant k is the real part of k' and is given 
by (Eq. (15) ), 

4irJy.<« 




m(p*+v*) * 


The dielectric constant tc is thus always less than unity even when there is 
collision though ijfl (according to (17) ) can be greater or less than unity. 
As is well known, for an absorbing medium, cannot be identified with 
K, By equating the real and imaginary parts of the right hand sides of 
(12) and (13) it can be easily shown that 




#c . /ic* , 

pt • 


.. (19) 


If, however, the medium be non-conducting so that a = 0, then 

fl* #c. 

We have in the preceding section deduced that the condition of wave 
reflection for vertical incidence is /a = 0, or more generally dnjdz ^ oo . Now 
with collision present the value of the refractive index can neither be equal 
to zero nor can its rate of change with height dfi/dz be infinity (Fig. 6). 
Hence, we cannot have total reflection according to the ray theory. How- 
ever, in optics we know that there is reflection where there is a sudden 
change in the refractive index of the medium. The same principle applies 
in the present case so that in spite of the fact that |a cannot be zero, it can be 
shown that there will be copious reflection if diifdz is large, i.e., the rate of 
change of /x per A/2fr of height (A in vacuum) is large compared to 2f(o 
where /aq is the minimum value of p,. If, however, the rate of change of 
/A per X/2ir (A in vacuum) is small compared to 2fto, then there is only partial 
reflection. And, if 2/io is large compared to the rate of change of /a per 
A/2ir (A in vacuum), there is no reflection, and the wave sent upwards is 
absorbed. These points will be further discussed in Sec, 3. 


(A) Propagation In the presence of magnetic field— The magneto- 
ionic theory — Appleton-Hartree formula 

We now discuss the theory of propagation of electromagnetic waves 
through an ionized medium in the presence of an external magnetic field. 
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lUs theory ie known as the niagneto*ionio theory. Lorentz was the first to 
treat theor^oaUy the propagation phenomenon in two particular oases, 
namely, propagation along the magnetio field and propagation at right 
angles to the same. 

Appleton in 1925 [16] firstappliedthetheoryto explain the phenomenon 
of propagation of radio wayes through the uppw ionized regions of the 
earth's atmosphere. He pointed out that the quantity Heftnc, the gyro* 
magnetio frequency of the eleotron about the earth’s magnetic field, is 
comparable with radio frequencies. In 1927 [16] he generalized Lorentz’s 
treatment and derived formulas for dispersion, a^rption and polarization 
for any angle of inclination of the wave-normal with the magnetio field. 
At about the same time Goldstein [17] by a different method arrived at the 
same formula. Later Hartree [18] also derived the formula independently. 

If the direction of wave propaigation is along the positive direction of the 
X-axis of a right handed co-ordinate e3rstem and the external magnetio field 
is assumed to be in the XZ plane as shown in Fig. 14, then, according to 
the magneto-ionic theory, the complex refractive index M and the state of 
polarization B of the wave are given by 

»-(,-«)• 

» 1+ —5 js — j = . . (20) 

™ 

where /t — ^refraotve index, 

k — ^index of attenuation, 

e — velocity df electromagnetic waves in free space, 

N , — eleotron density, 

H— imposed magnetio field in gauss, 

— component of the magnetio field along the direction of 
propagation, 

ffj — component of the magnetio field transverse to the direction of 
propagation, 

p — angular freqnenojr of the wave, 

V — oollisional frequency, 

Y^PPhIP*> 

Pg w Htfme, 

Pl‘t “ 

kf, hgSBff- and z-oomponent of the magnetio vector of the wave, 
e, m — charge and mass of eleotron. 
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Eqs. (20) and (21) oonstitute the Appleton-Hartree formula.* 

The first equation giyes us, on the one hand, the nature of the dis- 
persion, i.e., the relation between the frequency of the wave and the 
refractive index and, on the other, the absorption index of the medium for 
the two waves into which the inci^nt wave is q>Iit up. The second equa* 
tion gives the nature of the polarization of both the waves. 

In the original foimula a term I, called the polarization or the Lorentz 
term, was added to the expression for «. Darwin [19] has, however, shown 
that under ionospheric conditions the polarization term cannot occur. 
This point is further discussed in Sec. 4(/). 

<e) Simplified Appleton-Hartree formula (neglecting collision) 

(i) Diapertion. — ^The formula is undoubtedly complicated; in order to 
undentand its significance it is convenient to first study some simple cases of 
propagation after Batcliffe [20]. We therefore commence by neglecting 
collision, that is when absorption is zero; this will be taken into account 
later. By putting fi and k equal to zero in Eq. (20) it reduces to 

»-r* j _ k yr' .1 •• •• 

2(l+«)* V L4(l+a)*^’^^ J 

We note from the formula that for a given set of values of the quantities 
a, Yt Yi> there are two values of p. Further, for a given value of the 
magnetic field and for a given direction of propagation of the waves 
there are three variables, namely, /t, p and N,. The formula can, therefore, 
be represented completely by a surface drawn in a three dimensional space 
depicting the relation between p, p and N,. In practice, curves delineating 
the relations between p* and or p and N, (psconstant) are most useful. 
This is because in actual ionospheric exploration, waves of a given frequency 
are sent vertically upwards to meet and penetrate into regions of gradually 
increasing electron number density. 

The dispersion curves may be classified into two distinct types according 
as the angular frequency of the wave is greater or less than the gyro- 
frequency, i.e., according as p is greater or less than p^. For each of the two 
types, the form of the curves gradually changes as the direction of wave 
propagation is changed from (say) at right angles to the magnetic field to 
along the magnetic field, i.e., from the so-called transverse to the longitudinal 
mode of propagation. 

We start by drawing the dispersion curves for the simple and extreme 
cases, liamely, the transverse case and the longitudinal case for the two 
t 3 )pes P>Pg and P<P^ mentioned above. In discussing these and other 
illustrative curves, we will specially note the points where p* ss 0. As 
already mentioned, these are the points which give the conditions under 
which electromagnetio waves incident vertically on an ionized stratum may 
suffer total lefiection. 


* Tor • derivatioa of tlie fominla, see Appandix 4. 
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We finfe giye, way of comparison, diqienion oiime for the simplest 
ease of all, naai^, that of no magnetio fidd. In this ease 0. 

Let ns pot X ■■ —l/x •"Ps*/!’’* >o that x is proportional to the eleotron 
nnmher density Ng. We thus have from Eq. (22) 

.. .. ( 28 ) 

and the fonnnla rednoes to the case deduced by Ecdes (Eq. (4) ). The 



connecting and x becomes a single straight line (Fig. 7) and 
the value of ffi ■■ 0 wijheie x «■ 1. 


Magnetie ftdd along tk$ HreeUon of propagation (longitudinal propagation) 


Li this case 
have frcHn Eq. (22) 


y and yy wO. If we put y a —Yl*""PjPf we 




1 

«±y 



(24) 


We first note that unlike the case of no magnetic field, here we have, in 
geneirikl, two values for any value of y, one conesponding to the upper 
sign in Eq. (24) and the other to the lower. That is, there is magnetio 
U'Mficingsiioe. 

Next we note the dixUnotive bdiavionre of the dispersion curves in the 
two oases p>p^ (Le., y<l) and p<p^ (i.e., y>l) vepreSMited in Fig. 8. 


y<I 

For the upper sign in the equation, the curve swii^ round from AB 
to AF as y increases from 0 to 1. For the lower sign, it swings from AB 
toAO. 
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P 



Pia. 8. Variation of pp with m whon tho magnatio field ia along the direction of 
propagation. (Case of longitndinal propagation.) 

y>l 

For the upper edgn, the ourre swings from AW to AD as y inoreases 
from 1 to 00 . For the lower sign, it swings from ilC to 

It will be noted that for p< 1, it is possible for both the ourres (oorres- 
ponding to the upper and lower signs) to give values of y,* a 0. For values 
of y greater than 1, the curve corresponding to the lower positive sign only 
can give values of /i* =: 0. For any value of y, yfi =s 0, when x » 1—y 
andaissl-fy. 

Magnetic field at right anglee to the direction of propagation (traeteveree pro» . 
pagation) 

In this case « 0 and y^ m y. We have firom Eq. (22) 

n*mtl—x (upper positive sign) . . . . (26) 

x(\ x) 

and /i* ■■ 1 (lower negative sign) (26) 

Here again, we distinguish between the two oases y< 1 and y> 1. 
y<l 

The curve ootreqionding to the upper positive sign is the central straight 
line AD (Fig. 9)~<-idii<^ is the same as when there is no magnetic field. 
For the lower negative sign, the curve is as shown by the full lines. 
seeding towards increasing values of » the curve cuts the x-etxia at l — y 

and then branches off to — oo at »sl—y8, and on crossing the linens* 1—y* 
reajqwars firom +oo on the right and cuts the x-nxia hgain at x»l+y. 

y>I 

The upper positive sign again gives the straight line AS (Fig. 10). 
The lower negative sign gives the fufl line curve. It gives values of y* 




-M) 

X 

Fio. 10. Same u Fig. 9. Caw of y>l, i.e., P<Pg. 

greater than unity for valnes of x betireen 0 and 1 and cuts the c-axie at 
« w 1 +y. It will be noted that there is no discontinuity in the curve as in 
the previous case. 

Magnetie field ineUtud at any angle to the direetion of propagation (general 

V MMe) 

Let the direction of propagation make an angle 0 with the direction of 
the magnetic field. As before, we distingnuh between the two oases 
y<landy>l. 

A typical curve is shown in Fig. 11. The broken line pwtions are 
ebtidned by using the negative sign and the continuous ones by uiring the 
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iPio. 11. Variation of fi* with x for an intermediate direction of propagation. The 
continuoufl portions of the curves are obtained by using the positive sign and 
the broken line portions by using the negative sign before ‘the radical in Eq. (22). 
Caseof y<l. 

positive sign before the radical in Eq. (22). Taking the positive sign we note 
that the curve AEi branches off towards infinity at C and reappears at D. 
The asymptote DC passes through the point 

a? ass ^ , 

« a*— y* cos*fl 

At F the curve gives a discontinuous jump as it were, and branches off 
towards the right firom 0 along OB. The curve given by the negative sign 
has no infinity, but it also gives a discontinuous jump on crossing the vertical 
line through 0 (1 +a = 0). It is thus seen that to maintain continuity of 
the curves on crossing this line one has to change sign bbfore the radical. 
The reason of the curious jumps which occur whenever the curves cross the 
line ^1/a = :r = 1 can be understood if it is remembered that to the left of 
the point 0, 1-f-a is negative, and to the right it is positive. These points 
have been fully discussed by Bhar [21]. The points at which the curve 
cuts the z-axis are given by 


l+«- -y 

or. 

Po* “ V^-PPh 

.. (27) 

l+«-0 

or, 


.. (28) 

l+a«y 

or. 


.. (29) 


The curve given by the positive sign is asymptotic to infinity at 

a*— y* coaf$ . 


or when 
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At the points Bi, O and B% rep re s en ted the Eqs. (27), (28) and (29), 
ft* 0 and dnjdsc bb oo. For the point rqnresented by Bq. (30), 
is also infinity. We shall presently see that these points give the conations 
for vhioh a wave inciden t , normally on an ionoqtherio layer of gradually 
increasing electron density 'with height, may be totally reflected. The 
condition 

^ cc*~^ 

* y* cos*8 

is often called the JaurOi condition of reflection. We will refer to this 
condition again when discussing the Lorentz polarization term [^. 4(/)]. 

It is instmctiTe to study how the shapes of the diq>ersion curves vary 
as the rdative magnitudes of and y|. gradually change, i.e., as the direction 
of propagation is gradually changed from, say, transverse to ^ magnetic 
field to a^ng the magnetio field. This is shown in Fig. 12. I^or the trans- 
verse case the negative sign gives the straight line AO’, its prolongation 



Fio. 12. Ulostmting the tmuition of the diepenion ourvee from transvena to longi- 
tudinelmodeof propegstioaeadeiM twTM. The eontinuoue portions an obtained 
by naing the positive sign and the broken line portions by tiaittg the negative 
iignbeib(ethexadioalinBq.(22). Caseofy<l. 

is, however, given by the positive sign as explained above. The positive 
sign gives the branch ABiC which, after passing through infinity, reappears 
at D and gives DF; the prolongation of DF, namely FE^, is, however, 
given by the negative sign. As the direction of propagation gradually 
alters, the curves change their shapes and when the direction of the magnetic 
field coincides with the direction of propagation they degenerate into two 
straight lines AME^JP (negative sign) and AEiNQ (positive sign). At 
the same time the asymptote DC (Fig. 12) gradually shifts towards the line 
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OF and in the limit ooinoides with it. The diqsenion onrve in the form 
of two straight lines AME^ and ABiNQ was obtained by Lorents for 
the qiedal case of propagation along the magnetio fidd (longitudinal ease) 
many years before the general formula was derived. 

y>l 

In Fig. 13 the transition from the trauhverse to the longitudinal mode 
of propagation is shown for the case y>l. The two thick lines ABiQ 
and AMB^P in the figure relate to the case of propagation in the direction 



Fio. 13. Illustrating" the transition of the dispersion curves from transveise to longi- 
tudinal mode of propagation and vibe verso. Case of y>l. 

of the magnetio field. These lines correspond to the two lines AEx and 
AEx of Fig. 12. It will be noticed that in this case, for any direction of 
propagation except strictly longitudinal, the diq>ersion curres cut the 
x-axis at two points only, namely, at 

1+ccb 0, or, (28) 

“d l+amy, or, — (28) 

The dispersion curve for the wave which has a zero at 1 +« = 0, has an 
infinity at 

a*— y* 

*“«s_yScos*8’ 

For the longitudinal mode of propagation the onrve>onts the »>axi8 at a 
single point, namely, 1 +« « y. 

(ii) N<miencUttureofA«»^eomponentB: OrdiiuayandBxtraoriimry . — 
A study of the dispersion curves discloses the remarkable foci that the 
values of x, for which /i* becomes equal to zero, are independent of the 
inclination of the magnetio field to the direction of propagation. Thus, if 

*3 
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we follow the curyes in Eig. 12 for any inclination of the magnetic field to 
the direction of wave propagation (except when the two directions are 
actually oomcident) it is seen that the refractive indices are always brought 
down to zero value at Ei, 0 and E^. Now the electron numW density 
corresponding to the point 0 is given by 1 +a = 0 or x=l, i.e., the condi- 
tion of reflection represented by this point is the same as that for the case 
of no magnetic field. The ray which undergoes reflection at this point is, 
therefore, called the ordinary ray since its condition of reflection is unaffected 
by the magnetic field. 

The other ray, of which the refractive index varies along the curves 
AEi and FE 2 and attains zero value at the points 1 -fa == ±y, or a; = l±y, 
is called the extraordinary ray since its conditions of reflection (as repre- 
sented by these points) are affected by the magnetic field. 

This nomenclature has obviously been derived from the optical analogy. 
In double refraction in optics the ray which follows the ordinary laws of 
refraction is called the ordinary ray and the other is caUed the extraordinary 
ray. Unfortunately, however, the nomenclature in the ionospheric case 
is not quite as unambiguous as in the optical case [22]. For instance, for 
the case of propagation along the magnetic field for y<l the two branches 
of the dispersion curve AEi and AE^ in Fig. 8 give the value = 0 at 
^==l±yi both the conditions of reflection are affected by the magnetic 
field. Thus, logically, in such a case both the reflected rays should be 
called extraordinary. Again, in the case of oblique incidence it is found 
that the reflection conditions of both the magneto-ionic components are 
alwaya affected by the magnetic field. One cannot therefore, according 
to the convention adopted above, call one ordinary and the other extra- 
ordinary. In this case the component which is less affected by the magnetic 
field, i.e., the one which in the limiting case of vertical propagation is not 
affected by the magnetic field, is called the ordinary and the other the 
extraordinary. 

(iii) Polarization. — ^If we put j3=0 and x = — 1/a, and y=PulP 9 as be- 
fore, the expression for the polarization B becomes 

•• <*■> 


where 



y wfiB 
2 cos e* 


0 being the angle between the direction of propagation and the positive 
direction of the magnetic field as shown in Fig. 14. 

The sign before the expression for B has been made negative because 
the charged particles in the ionosphere which influence the propagation 
of waves are supposed to be electrons. B thus signifies the ratio between 
the components of the magnetic vector of the wave in and at right angles 
to the plane containing the wave normal and the direction of the magnetic 
field hereinafter called the magnetic plane. Thus, when B is zero, is 
zero and the wave is plane ])olarized witli its magnetic vector perpendicular 
13B 
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Fio. 14. Illuatrating elliptic polarization of the magnetically split components. 

to the magnetic plane. When B is infinite, is zero and the wave is again 
plane polarized but with its magnetic veotor in the magnetic plane. \^en 
B is numerically equal to unity, the magnitudes of A, and A, are equal and 
the wave is circularly polarized. The polarization is called right-handed 
when the rotation appears to be clockwise on looking towards the direction 
of propagation and left-handed when it appears anti-clockwise. Right- 
handed or left-handed circular polarization occurs according as hjh^ is 
-i or +j. 

Since the extraordinary ray is the one for which the condition of re- 
flection is affected by the magnetic field (1+a » ±y) and the ordinary 
ray is that for which it is independent of the magnetic field (l+oc = 0), 
it is evident from Fig. 12 that for values of z less than or equal to 1, the 
extraordinary ray is given by the upper positive sign before the radical 
in Eq. (31) and the ordinary ray by the lower negative sign; for values 
of X greater than 1, the signs have to be changed, i.e., the extraordinary 
i^y is given by the lower negative sign while the ordinary by the upper 
positive sign. 

From this it follows, according to Eq. (31), that if the direction of 
propagation makes an acute angle with the direction of the magnetic field, 
then the ordinary component is polarized in the left-handed and the extra- 
ordinary one in the right-hand^ sense. The case is reversed when the 
two directions include an obtuse angle. These results are important in 
the study of the ionosphere. In the northern hemisphere the direction 
of the field makes an acute angle mth the direction of the downcoming 
waves. The polarizations of the split components, therefore, correspond 
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to the first case. For the southern hemisphere, the direction of the field 
makes an obtuse angle p^th the direction of the doimooming vave and the 
senses of polarisation correspond to the second case. Without going into 
detailed anal 3 rsis we will describe here the nature of polarization of the 
various types of waves that are propagated in the ionoqihere. We will first 
deal with two spedal oases, namely, the longitudinal and the transverse, 
and then indicate in a gmieral mAnntir the nature of polarization for any 
direction propagation. 

' Longitudinai eaae: In this case $ bring equal to zero, J2 a ; the two 
waves into which an incident wave is qpUt up are both circularly polarized 
but in the opposite senses. 

Referring to Fig. 12, we have seen how, when the transition occurs from 
the general case to the longitudinal case, the two lines AM and MP and also 
AN and NQ join up to form the two lines of the longitudinal case after 
Lorentz. At M and N there are no discontinuous changes of polarization, 
the polarization throughout AMP being left-handed and that throu|^ont 
ANQ right-handed. (This case is similar to the case of an acute angle 
between the direction of propagation and that of the magnetio field.) 

Tronaverae eaae: Here, putting $ » 90°, we find R to be equal to —jco, 
or 0; these are interpreted as states of plane polarization. For trans- 
verse propagation, therefore, the two component waves into which an 
incident wave is split up are, in contrast to the longitudinal case, both 
plane polarized. H we consider propagation in the region to the left of 
0,(Fig.l2),i4»., 


N.< 


CTJ»* 

4ire*’ 


we may say that the ordinary ray (oorrecfponding to curve AO) has its 
magnetio vector perpendicular to the magnetic plane while the extra- 
ordinary ray (corresponding to curve AEi) has its magnetio vector parallel 
to the same. 

Oenerdl eaae: The state of polarization for any direction of propagation, 
other than longitudinal or transverse, is in general elliptic. The two 
elUpses corresponding to the two split components have the same ratio of 
the major to the minor axis. They are, howevw, oriented at right angles 
to each other and their sensee of rotation are opposite (Fig. 14). Since, 
as has already been mentioned, the continuity of the diqtwsion curves for 
any direction of propagation except strictly longitudinal (Fig. 12) entails 
a dhange of sign at 14 >« » 0 or, x >■ 1, the senses of rotation also abruptly 
riiange sign on crossing the line OF, i.e., thelevriof reflection of the ordinary 
ray. If, as in the transverse case, we consider the region to tlie left of 
OF, we may write fior the states of polarization of the ordinary and the 


extraordinary as 

■Ri * jp “ 1 +/*Jf • • • • (32) 

( 33 ) 

/iy 



sao. 2 


THE IONOSPHERE 


197 


The pcdarisatioii is thus a fonotioii of / which again is a function of y, Le., 
the ratio of the gyrofireqaency to the wave frequency, of 6 the iiuJiiuttinn 
of the wave normal to the direction of the magnetic field and of x which is 
proportional to the electron number density N, (for a given wave frequency). 

In order to determine the polarisation we have to take all these factors 
into account. This may be done by first plotting graphs connecting 

for various values of y (Fig. 15) and then graphs connecting B and x for 
various values of g (Fig. 16). 



8 (DE6REES) 

Via. 16. Variation of j with 9 for different value* of y. 


As an example, we deduce the state of polarization of a 160 m. wave 
travelling vertically downwards at Calcutta. (The value of at Chlcntta 
is approzimatdy 235'7 metres.) Here, 




the magnetic dip being 31*45', 9 at 58* 15'. y is therefore equal to 0*437. 
The wave passing- through an imused layer of constant electronio density 
=> 10* per cm.* will have for hj\ the values •f 0*65!(;' and — 1*63^' for 
the ordinary and the extraordinary rays respectively. 

In actual ionospheric expkwation by the echo method, as is d e scri b ed 
later, the polarization ph ene menon is complics-t'''! by the fact that the wave 
travris throuj^ regions of continually changing electron mnaberdciuity and 
the state of polarizatim therefore changes oontirmaHy, as is erident from 
Fig. 16 u^Mce B is plotted against x. If the ei^loring wave reaohos the 
regkn of reflection of the ordinary wave where i.e., » «■ 1, 
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the state of polarization changes sign, i.e,, what was preTiously iight«handed 
becomes left-handed and vice versa. We have already referred to this 



Fxo. 16. Illustrating the changes in polarization as the wave of a given frequency 
enters into regions of increasing electron number density. 12 is the ratio of the 
major to the minor axis of the polarization ellipse. When the exploring wave 
reaches the region of reflection of the ordinary wave» i.e.» the state of 

polarization changes sign. 

sudden ohange of polarization at the point jS=:0, where the wave 
is plane polarized. 

(d) Complete Appleton-Hartree formula including collislonal term 

We have till now disoussed the propagation of the wares in the iono- 
sphere without taking into account the effect of collisions of electrons and 
ions with neutral gas molecules and atoms. If collision is taken into 
account, then, under certain circumstances, its presence, in addition to 
causing absorption of the wave, profoundly affects the diq>ersion and the 
state of polarization [22a] of the wave. 

The evaluation of ft, k and B from the complete complex equations 
(20) and (21) for the case of propagation in any direction with respect to 
the magnetic field is extremely complicated. The problem has been tackled 
in great detail by Mary Taylor [23], by Goubau [24] and by Westfold [24a], 
who have published a large number of graphs connecting with p, k and B. 
The derivation of these curves is laborious. Bailey [25] has also discussed 
these equations and developed an elegant graphical method of delineating 
them. By utilizing this method Martyn [26] has drawn dispersion, 
absorption and polarization curves for the value of the magnetic field in the 
southern hemisphere in Australia. 

(i) Dispersion . — The nature of the dispersion is best understood from 
a study of the dispersion curves for c«*tain typical cases. The full line 
curves in Figs. 17, 18 and 19, which are fqr the condition of CSalcutta, have 
been draw:n by Ghosh [27] afbnr the method indicated by Bailey and Martyn. 
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As in the case of simple dispersion curves dresdy discussed, the curves 
obtained by taking collision into account may also be classifiedTinto two 




Fio. 17. Dispersion and absorption curves taking coUisional frequency into account. 
The continuous curves represent the variation of /c and the broken lino curves 
that of ekjp with Ng, Curves marked O correspond to the ordinary component and 
those marked X to the extraordinary component. The vertical line in (c) correa- 
ponds to 1 + a - (». The curves are for Calcutta (Aj^ = 236*7 metres). Case of A <A^, 

distinct types, those for which V>Ph those for which p<Pig 

(Fig. 19). Fig. 18 is for the case of p Pj^. The curves are drawn for a 
set of increasing values of v starting from v 0, i.e., the simple case of no 
collision. Each of the types may be classified into two distinct cases, one 





the nature of the curves is roughly similar to the simple curves for trans- 
verse propagation with no collision. The former is called quasi-longitudinal 
and the latter quasi-transverse propagation. Curves (d) in Figs. 17, 18 
and 19 belong to the quasi-longitudinal case while curves (6) in the same 
figures belong to the quasi-transverse case. Curves (c) represent the transi- 
tion from one case to the other; the condition under which this takes place 
is discussed below. 
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It ivill be noticed that the curves in (b) can be derived roughly &om 
those in (a) (which are simple diepwsion curves with no collision) if it is 



imagined that the have been removed and the two branches of the 

extraordinary have joined up. The corves ii^jitead of running to negative 
values (rf I* branch off towards the right and iffoceed more or leas parallel to 
the J7^-«xis. (For v«ty Ugh values of N„ the curves again tend to rise.) 
In (dC),' however, the Agpes 5 >f the cotvm have altered completely, and 
except for the two kinks, the ^rves tehd to tfae-two straight lines for the 
case of longitudinal propagation. 

Now let us recall that for the case of.no collision, a change>over from 
the transverse case to the longitudinal c^ occurs when the direction of 
wave propagation, instead of being inclined to the direction of the magnetic 
iield, is actnld]^ oUncident with it. The characteristic feature of the 
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Gluaige*OYer is that tlie otdinaiy branoh i<^ tip mth th« Gxtraoidinary 
and vice verao, aotoBS the line xbI at the leYcil o£ iomzation Ydiete 
ft c= 0 for tbe ordinary ray) and form two continnonB diqperaion curves. 

fiimilM* ehange>OTer ooonrs even when collision is present, across the 
line l + a 0 (x>=l); but, in this case the direction of propagation need 
not ooindde with the direction of the magnetio field. Instead, the con- 
dition for change-over, across the line x ■■ 1 for any direction of propagation, 
is given by v>Vf where p, is equal to An inspection of the curves 

in (e) will show how the branch to the left of the line x = 1, which was or^iin- 
aUy ordinary, has joined up with the brandi on the ri^t, which had been 
extraordinary and wee ver«a. the dispermon curves across this 

line behave more or leas like the dispersion curves in the transverse case 
(Hg. 12); this may tiherefore be called fuari-tranavene type of propagation. 
If v>vA the dispersion curves across this line resemble those of the longi- 
tudinal case; this may therefore be called qtiari-Umfitudinal type of propa- 
gation. 

H we consider the dispersion curves as a whole, instead of considering 
the diange-over that takes place across the line x^l, we may conveniently 
derive firom Eq. (20) the conditions fpr quasi-transverse and quasi-longi- 
tudinal types of propagation. Considering the terms within the radical 
in Eq. (20) it is seen that if 

LLsi 

4{i+»+jp)Fr\ ^ I’ 

Jf, the complex refractive index, depends on y,. alone. Under this con- 
dition we call the propagation qutui-iranmene. Again, when 

'' I I 

|yi*l^|4(l-|-a+i««|’ 

M depends on alone. Under this condition the propagation is called 
quari-longitudin^. 

It is ea«y to see that since along the line x=l, 1 -fa = 0, the condition 
of quasi-transverse or quasi-longitudinal propagation is determined by 

(y,V4^|>or <(y^«|,i.e.. v < or > v, ( - 

(ii) Abaorplion . — The expression for the complex refractive index, 
Jf = la—jckfp, shows that the refractive index and absorption coefficient 
are closely rdated to one another, fri Figs. 17-19 the broken line curves 
representing absorption in a length of path X/2tr, i.e., dk/p are drawn for cases 
corresponding to the dispersion curves depicted therein. It will be noticed 
that the absorption tends to a maximum as the refractive index tends to a 
minimum value. 

We may first discuss the absorption for the particular and compara- 
tively simple case of longitndinal propagation, i.e., when y, s 0. Item 
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Eq. (20) we find that when => 0, and when aquans and higher powers 
of ekfp can he neglected 


PiHpTPi) 
l>[(p^Pi)*+^] ** 


.. (84) 




2c ^/[(p"=Fj>Pi)»(i>-P(>*T«»i)] ' 


(35) 


If Pb is small compared to p, the expression for i is further simplified to 

1.=, JH 1H>* 

2c • (p7pj* 

and the corresponding absorption curves are given in Fig. 20. It is seen 
that i tends to infinity as p* approaches zero value. 



Fio. 20. VeitatioD of the abocwirtion oooffioieiit k for tho omo of longitudinel 

pnptgBtbm. 


We will now consider the quasi-longitudinal and the quasi-transverse 
oases of junpagation. These are the types of propagation more often met 
with in practioe ; the ooUisional frequency v is more likely to be greater 
or less v« (^PrV^i) *** ^ equal to it. The expressions for 
these special oases are also much simpler [28] than the general expression 
in Bq. (20). 

Eq. (M) may be put in the form 


Separating the real and the imaginary parts we get 

s . . -y 


(36) 


( 37 ) 


and 


2^ r 
P “2ff+T« 



2Q4 

where 
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As already mentioned the propagation is quan-transverse or qnasi-longi< 
tudinal according as 

Introducing these conditions in the expression for Z+jT we find that for 
^ fuasuiranaverse case : 



(i) Z. 

y. 

(ii) X' 


I upper podtive dgn (ordinary) 

yr*(i+«) 


lower negative sign 
(extraordinary) 


(I+a)»+/P 

and for the (pMufJcngfitHfiMoI case : 

W ^ “ «+ 1 y*. I ) upper positive sign 
7 I (extraordinary) 

(ii) Z |y^ I lower negative sign 
) (ordinary) 


.. (39) 

.. (40) 


.. (41) 
.. (42) 


The values of absorption coefficient for the two cases of propagation, 
quasi'longitudinal and quaoi-transverse, may now be deduced for both 
ordinary and extraordiiuiy waves by substituting the appropriate values 
of Z and 7 from above in Eqs. (36) and (37). 

In estimating the absorption sufiered by a wave in its passage through 
ari ionized medium, it is convenient to consider the absorptioiu separately 
in the regions in which the wave suffers little deviation, i.e., ^ is nearly 
equal to 1, and the region where it suffers appreciable deviation, i.e., near 
the reghm of reflection where fi'<l [29]. The first, we call the non* 
ievjsfhig region and the second the deviating region. 

In the non-deviating region is nearly equal to unity. Bence from 
Eq. (37) the absorption per X/2tr becomes 


ch _ 7 17 

p " 2#t(Z»+ y*) “ ?z»-i- y« ■ 


(37.1) 


In the deviating region ft varies from point to point. If we neglect 
then licom Eqs. (36) and (37) we get 


h 


l.t.L 

2 e Z 



.. (43) 


In order to find out the total abswption in any region we have to 
. obtain the value of the integral J h dh, vhere dh is an e l WM B t of he^^t. 
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For this, yn first detenains whether the propsgatioa is of the qossi- 
transverse or of the quasi-longitadinal tjpe. The approjniate valties of 
X and T are then snbstitated in the expression for b and the 
carried out. 

(iii) Poitaritaiion . — The effect of damping on the state of polarization 
of the downcoming waves is to rotate the principal axes of the polarization 
ellipse [22a]. This can be easily seen in Figs. 21-23 where the full line curves 



(c) A* lOOm, (d)'\» 100 m, 


Fiq. si. Vailation of tho atate of polariiatioii B and of tha tflt of tlia polariaation 
all^ F for differont valuaa of tho oolUafonal litoqiionogr a aa tho woro ontoia into 
reglona of in nr eaa ing oloctron number donaitjr. l!ho e ii nroa are for Oalouttn (Aj| mm S36*7 
metrea). OaaoofA<A|f. 
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rqnesent B, the state of polarization, as defined by the rdotion ton B » 
—jhg/hg. The broken line oorres represent V, the tilt of the polarization 
ellipse, i.e., the inclination of the pdorization ellipse to the ^azis, for 



(c; M35'7m (dl X»235’7m. t0\* 


Fxg. 22. Same aa Fig. 21. Case of A ■■ X^. 

the ordinary wave [27]. The curves have been drawn by Ghosh after the 
method of Bailey. The positive values of 9 correspond to right-handed 
polarization in the northern hemisphere. 9 = 0 correq)onds to linear 
polarization and 9 = ±46^ corresponds to right- and left-handed circular 
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polarisation. The value of !F ia always negative and small for the case of 
quasi-transvmse mode of propagation except at the point 1 +a — 0, whwe 
it attains maximum value. 





(p) \^500m,9’ic W ^=>t00m, 

Fio. 23. Same as Fig, 21. Case of 

It will be noted in Figs. 21-23 that for y<ve, i-u-> for quasi-transverse 
mode of propagation (curves in (6) ) there is a change of the sense of polar- 
ization at the point 1 -|-a = 0; when y>rt, i.e., for quasi-longitudinal pro- 
pagation (curves in (d) ) there is no such change and the nature of polar- 
ization continues to be the same for all values of N,. The change-over 
from quasi-transverse to quasi-longitudinal type is best illustrated by the 
curves in (c). 

UmUing polarization . — In all measurements of polarization of down- 
onming waves the nature of polarization studied is that which the waves 
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poiMM immediately on their emergence firom the ionoq;»hete. It is, there- 
fore, important to consider what the polarization of the magnetioally qilit 
components would be when they leave the ionoqphere [17, 30]. 

In the case of vertical sounding of the ionosphere by radio waves, the 
magnetic field of the earth is, in general, inclined to the direction of wave 
propagation. A plane polarized wave, immediately on entry into the 
ionoqphere, is therefore q>lit up into two dliptically polarized componmits 
wi^ opposite smses of rotation. These components, if they could retrace 
their original paths, would on emergmce have that p<darization which 
they possessed on mtry at the boundary of the ionoqphere, i.e., they would 
be eUiptically polarized. This is exactly what the curves (Hgs. 21-23) 
drawn after the method of Bailey show for the case of limiting polarization. 
It will be sem that as tlto values of 0 and V (the polarization and 

the tilt of the polarization ellipse respectively) tend to limiting values 
which depend upon the angle between the direction of propagation and the 
direction of the magnetic field [26]. 


(<) Oblique Incidence : Group path and phase path 


The Appleton-Hartree magneto-ionio theory is partictdarly suitable 
for propagation of radio waves incident vertically on a horizontally strati- 
fled ionosphere. This is evident from the dispersion curves (Figs. 17-19) 
depicting variation of p with N, in which, amongst other parameters, the 
angle $ betwem the Erection of propagation and the magnetic fidd is 
constant. For the case of vertical propagation this condition is practi- 
cally satisfied. For oblique inddmee, however, 6 is no longer constant, but 
varies with p, which depends in a complicated manner upon an unknown 
angle of refraction. This complication may be avoided by a generalization 
of the magneto-ionio-theory, after Booker, in which the propagation of a 
magneto-ionic compoT'mt is described in terms of the vertical componmt 
g of the phase-propagation vector (vide infra) instead of in terms of p [31]. 
Tiiis generalized treatment incidentally brings out clearly certain qwdal 
fektures of wave propagation in a stratified doubly-refractiug medium. 

I The starting point in the analysis is the wave function 


exp 


[i y {c<-p^(p tin i>+t ecu ^)} J 


(«) 


which we have already referred to. 

Here, 

A — ^wavehogth in vacuo, 

angle made by the direction of the ray with the vertical at the 
point (y, s), 

and fu — rvalue of the refractive index of the medium at this point (see 
Fig. 3). 


Fui;lher, as before, the propagatim is assumed to be in the vertical 
plane TZ, the B-axis being vertical and the ionosphere is supposed to be 
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horizontally stratified vith the electron density ihoreasing nith height. 
^ is a function of 6, N„ H, v and p, where tto symbols have the same 
■ significance as in Sec. 2(b) and (e). 

Instead of expression (a), Appleton [16], in deriving his nutgneto-ionio 
formula, has used the simpler wave Amotion 

e3q> (6) 


in which the implicit assumption is made that the direction of wave propa- 
gation makes a constant angle with that of the magnetic field. This will 
be the case if the wave is propagated in a medium of constant electron 
density or in a stratified medium along the direction of the ionization 
gradient. In the form of the ware function (a) adopted by Booker, the 
element of path in the direction of the ray, which need not lie along the 
direction of the ionization gradient, is resolved into two components, one 
along the direction of the gradient and the other at right angles to the- 
saqie, i,e., along the direction in which is constant. Since, by Snell’s 
sin ^ is a ^constant.' quantity and is equal to sin i, where i is the 
angl^ which the direction of wave propagation makes with the vertical 
before the wave enters the ionized medium, the wave function takes the form 


exp 


y {ct-y sin t-ga} J , 


(«) 


where g ^ cos is a function of N,, H, ^ and p. When the wave is 
incident on the ionosphere vertically, i.e., along the duection of ionization 
gradient, »=0, and expression (c) reduces to the simple form (6); g is then 
identical with the re&aotive index ft. 

The method by which the expression for q is deduced may he recalled 
here. Wave function (b) is substituted in the Maxwellian equations for 
a medium containing free electrons in the presence of an external magnetic 
field. When this is done a quadratic equation in g* is obtained as 

Ag*+Cg*+^»0; (44) 

where A = («+jj8)«(l+a+ii8)-(«-h?/5)yyS-(l+«+jj9)y^s' 

C - 2(a+i/?)y*-2(a+j/i)(l+«4-i/5)*+yT*+3yt«, 

and E mm (1 +«+jj8)8_ (i 

If, instead of the simple wave function (b), the wave function (a) is sub* 
stituted in the Maxwellian equations, we get, instead of a quadratic in 
g*, a quartic equation in g of the form 

Aq*-jrB^+Oq*+Dq+MI mmO. .. * .. •• (46) 

The coefficients A, S, C., D and J? ate in genwal complicated functions 
of N,, p, 0, H and v, but, for the particular case of vertical propagation 
in tim ionosphere, coefficients B and D vanish and the equation becomes 
identical with (44). 

*4 



210 


UPPER ATMOSPHERE 


CHAP. VI 


To simplify the dlsonasion, we will neglect the effSbot of collision, i.e., 
we assume v, and, as a consequence, the damping to be equal to zero. 



Fio. 24. Variation of q with Nt for the upgoing and downcoming waves. Case of 
vertical propagation. The full line curve is for the ordinary component and the 
broken line curve for tho extraordinary component. Note that the curves cut 
the .ATg-azis and turn towards the (^-axis at the same points A and B [cf. Fig. 25]. 
(After Booker.) 

The difference in the significances of the two equations (44) and (45) 
becomes apparent if we plot q (the four roots of the equations) as a 
function of JV« (Figs. 24 and 25). As mentioned before, q is not to 
be confused with the refractive index; the two quantities are identical 
only when t=0. r%. 24 represents the values of g, as given by Eq. (44), 
plotted against The plot gives four curves /A, IB and AR, BR 
corresponding to the two pairs of equal and opposite roots, sym- 
metrical about the i^^-axis. The curves I A and IB represent the up- 
going magneto-ionic components, extraordinary and ordinary, and AR 
and BR the corresponding downcoming components. At the point A^ 
corresponding to the electron density Na, the two extraordinary roots 
become equal to one another. This means that reflection of the extra- 
ordinary wave will take place at the level of the ionosphere where the elec- 
tron density is It will be seen that at this level not only is g equal 
to zero but also dqjdN^ = oo. Similarly, the ordinary wave is reflected at 
the level of the ionosphere where the electron density is equal to At 
this level again g=0 and dqfdN^ = oo. 

Let us now interpret Fig. 25 which is a plot for the case of oblique 
incidence, i.e., of the roots of Eq. (45). Below the ionosphere where 
A\=s0, g is equal to cos t for the upgoing wave and to —cos i for the emergent 
downcoming wave [Sec. 2(a)]. The points of incidence and emergence 
of the wave are I and R. On entry into the ionosphere, the wave is split 

14B 
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into the two magneto-ionio components— ordinary and extraordinary. 
Curve IDAR represents the propagation of the extraordinary and curve 



Fio, 26. Same as Fig. 24. Case of oblique propagation. Note that unlike Fig. 24, 
the points m^here the curves turn towards the ^-axis are different from those where 
they cut the N«-axi8. (After Booker.) 

IBER that of the ordinary. As the wave proceeds upwards into regions 
of increasing electron density, q decreases and attains zero value at D and 
E, The most striking point to bo noted here is that though at /) and E, 
q becomes equal to zero, yet these are not the points of reflection. The 
point of reflection for the extraordinary wave is at A where the curve IDAR 
begins to turn back towards smaller electron densities. Similarly, B is 
the point of reflection for the ordinary ray. It is at these points, A and 
jB, that dqjdNg =oo . 

We may use the q — curves of Fig. 25 for tracing the direction of 
propagation of the phase-ray. Since sin ^ = sin t == constant, a ref- 
erence to Fig. 4 shows that a decrease in q means that 0 increases, i.e., 
the direction of the ray bends round towards the horizontal. Wo thus 
obtain the portion id in Fig. 26(a) corresponding to ID of Fig. 26; the direc- 
tion of the phase-ray becomes horizontal at d, corresponding to the point 
D in Fig. 26. From D to A, the electron density is still increasing but q 
has now. a negative value. Hence, corresponding to this portion of the 
ourve the direction of phase-propagation must be downward as shown by 
da in Pig. 26(a). From A (Fig. 26), the curve IDAR turns towards regions 
of lower electron densities and the corresponding phaserpropagation is 
represented by ar in Fig. 26(a). Thus the phase-propagation of the extra- 
ordinary wave in the ionosphere is completely shown by the curve idtar. 
Fig. 26(6) shows the path of the phase-ray corresponding to the ordinary 
wave. &hekulin [32] was the first to draw attention to this peculiar nature 
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ot j^UMe-propaga^ik ' iSe, hoivevw, did not offer s detailed exploalitioii 
of this. It is now seen how, from the q—N, carves, the paths of the phase* 
rays can be dednoed. 



(«) (b) 

Eie. 26. Hluatrating the paths of the pheae-rays ooneeponding to the two magneto* 
> ionio components, (a) Extraordinary ray, and (6) ordinary ray. (After Booker.) 

It is to he noted that though at d and e (Fig. 26), q=0, and the direc- 
tion of the phase-propagation becomes horizontal, yet these are not the 
points where the wave is reflected. The general condition of reflection, 
dqJdNf — 00, occurs at a and b. It can be shown after Booker that if, as in 
ionospheric exploration, a ‘ pulse ’ or wave-group travels upwards then these 
ore preoiaely the points where the direction of group-propagation of the two 
cmnponent waves will'become horizontal. In other words, the wave-groups 
as a whole would suffer total reflection at these two points. It is obvious 
that for the cose of vertical incidence the group-velocity would become 
zero at the point of reflection. 

The difference in the behaviours of the wave-group and the individual 
wates is due to the well-known fact that in a doubly-refracting medium, 
the direction of phase-propagation does not in general coincide with that 
of ^up-propagation [32a, 326]. It is interesting and instructive to compare 
the path of a wave-packet with that of the individual waves of the packet, 
i.e., with the phase-path. Fig. 27 shows the group- and pha 8 e-ra 3 ns of the 
two magneto-ionic components — (a) for the extraordinary, and (6) for the 
ordinary wave. It is seen that though the phase-ra 3 r 8 have curious cusps 
as described above, the group-paths have no such cusps and are of the simple 
conventional type. The direction of propagation of the group as a whole 
foDows the direction of the curve on the left-hand side. The small arrows 
indicate the direction of propagation of individual waves at different points 
of the path. These, it will be noticed, are parallel to the directions of the 
ffliase-rays at the corresponding points on the right-hand-dde curves. 
In the lower pwtion of the curves, below the doubly-refracting and stratifled 
kmosphwe, the group-paths and the phase-paths are coincident with one 
another. 

An important point which has got a bearing on the exploration of the 
kmospbeBS by vertically propagated 'pulses’ is that in this particular 
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CAM, the groap'paths and the phase-paths coincide and that, as a con- 
sequence, the point where the dkeotion of the phase-rays becomes hori- 

Omjp^y PhasC’VS^ 



Vko. 27. Illustrating the path of the group-ray in relation to that of the phase-ray. 
(a) Extraordinary ray, and (6) ordinary ray. (After Booker.) 


zontal, is also the point where the direction of group-propagation becomes 
horizontal. In this case the variation of q with N, is given by the curves 
in Fig. 24 and the conditions q=0 and dqjdN^ =» oo are satisfied at the same 
point. It may be mentioned that not infrequently the former condition 
is set forth as the necessary and sufScient condition of wave-r^Btoqtion. 
But from what has been said. above, it is obvious that the more general 
condition is dqfdN^ = oo [Sec. 2(a)]. 

A complication arises when the effect of damping is taken into account. 
The inclusion of the collisional term has the effect of making q complex 
with the result that the values of q corresponding to the upgomg and down- 
coming waves no longer attain equality at any point. In general, the 
reflection now becomes partial instead of total. If, however, the minimum 
difference between the two values of g is so smaU as to be negligible com- 
pared with tbe rate of change of g per A/2ir, total reiELection may be considered 
to take plade [31]. If the difference is of comparable magnitude to the 
rate of change of g per A/2ir, the reflection is only partial. If the damping 
is so large that the mimimiim difference is very large compared to the rate 
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d ohangepf q pw Xfin, no reflection takes place. Hie wa^es simply travel 
upwards and are absorbed. 

As mlmtioned in the beginning of this section, the gmeralization of the 
magnetO'ionio theory for the case of oblique propagation (in a horizontally 
stratified ionosphere) as described above is due to Booker. Booker has 
also applied his generalized theory to calculations of attenuation, lateral 
deviation, horizontal range and equivalent path of wave-packets incident 
at any angle to the vertical [31a]. The fundamental formula Eq. (46) 
being too complicated to be of practical use for this purpose has been 
re-stated. A cubic equation is obtained in which N, is regarded as a func- 
tion of q rather than 9 as a function N,. 'Using this cubic equation, 
simple limiting curves between which the actual curves necessarily lie are 
deduced, thereby facilitating plotting in a particular case. Methods for 
mass-production of such propagation-curves are devised but not applied 
on large scale. 

Formulas for attenuation, lateral deviation, horizontal range and 
equivalent paths of magneto-ionically split wave-packets are derived and 
illustrated graphically. The amount to which a wave-packet can be 
permanently deviated out of its plane of incidence by the earth’s magnetic 
Add can be extremely large, but probably not in oases of practical im- 
portance in commercial radio communication.’ 


Summary 

We sumntarize below the results obtained above as it is only with 
their help that the results of experimental observations on the ionosphere 
can be properly interpreted. 

The ionosphere is supposed to be horizontally stratified, the electron 
density, increasing wjth height. The change in ionization density within 
a distance of one wavelength is assumed to be insignificant ; the method 
of geometrical optics — ^the ray treatment — ^is thus applicable. 

Taking first the simple theory, when no magnetic field is present, let 
a radio wave be incident on the boundary at an angle t. The condition 
for ' reflection ’ is given by 


sin*j < 


1 . 




i.e.. 


1 . 


If the incidence is vertical, as is generally the case for study by the 
' pulse ’ method (Sec. 4), the condition for reflection is 

wip* 

If magnetic field is preemt, then the single incident wave will be split 
up into two waves— <nrdinary and extraordinary. Two oases may be distin- 
guished according as the gyrofirequency J?e/tne of the eleotron, doe to 
the- steady magnetio field of the earth, is less or greater than p, the 
angular fi^oenoy of the wave. 
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(i) HejmeKp. — ^The oondition for reflection is satisfled for three dif 
ferent valoes of N, at three different heights. These are given by the 
equations 

He , . He 

mp^ " mep* mep' 

(ii) HefinOp. — ^Tn this case there is, in general, two values of N, at 
...two different heights for § 1 * = 0. These are given by 


4nN,e* 
■ mp* 


1 and 1 • 


He 

mep' 


A remarkable fact about these conditions for reflection is that they 
are independent of the direction of the magnetic fleld. 

When the direction of propagation coincides with the magnetic field, 
there are only two values for the first case (He/mcKp): 

He 

mp^ mep 

and one value for the second case (He/mc>p) : 

4nN,e* ge 

mp* nap ‘ 

These conditions hold strictly for the case of no collision between 
electrons and ions and neutral gas molecules or atoms. 

The magnetically split waves are, on entering into the ionosphere, in 
general, elliptically polarized in opposite senses. The polarization ellipses 
are of the same eccentricity and are inclined at right angles to one another. 
In the northern hemisphere, the left-handed component (looking along 
the direction of propagation) is reflected at the point where inN,e*fmifl b 1 , 
and the right-handed component where tsl'^Helmep. The 

state of polarization continually changes as the waves enter further and 
further into the ionosphere. Both the wavw would be plane polarized 
at the level of electron density given by 4ir2\r,«s/mp* as 1. Actually, 
however, the right-handed component may not reach this region because 
its condition for reflection will be attained at a lower level were ^N,e*lmp* ■> 
l—Hejmep. It .may also be noted in this connection that though there 
are two values of N, for the reflection of the right-handed wave, it has 
usually little chance of reaching the higher level of greater electron density 
given by 

4gAV« , I . ge 
mp* mep ' 

It is important to remember the change of the state of polarization on 
reflection of any one of the split waves. Taking the right-handed com- 
ponent, for instance, if one looks upward towards the iono^here, he will 
observe the magnetic vector rotating in the right-handed sense both for 
the direct upgoing and for the reflected downcoming wave. From our 
definition, however, the upgoing wave is polarized in the right-handed 
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sense and the downcoming wave, looking down &om above along the 
direction of propagation, is polarized in the left>handed sense. 

The actual state of pohurization of the downcoming wave on emergence 
from the ionocfphere, as observed near the ground, depends upon the con- 
ditions near the boundary, that is, on the electron content and the angle 
between the wave-normal and the magnetic field. 

Collision of the electrons affects the dispersion and the state of polariza- 
tion. There is a critical collisional frequency Vc given by 


v, = Pj.«/2p£ 


2Hj^' me 


IfvKvg, the propagation is of the quasi-truisverse type. If v > v,, the pro- 
pagation is of the, quasi-longitudinal type. 

The effect of collision on the state of polarization of the downcoming 
wave is to rotate the polarization ellipse. 


3. PROPAGATION OF ELECTROMAGNETIC WAVES IN AN 
IONIZED ATMOSPHERE (WAVE TREATMENT) 

The wave propagation phenomenon as discussed in the preceding 
section is on the assumption that the extent of any region of inhomo- 
geneity in the ionized medium is large compared with the wavelength. 
This, in other words, means that the ionization density (that is the 
refractive index) is supposed to vary slowly with reference to the length 
of the wave in the medium. In actual propagation in the ionospherio 
regions cases arise, however, where these conditions do not hold. In such 
cases recourse has to be had to the methods of wave optics instead of those 
of geometrical optics. We give here some instances of the failure of the 
geometrical optics ^thod, i.e., of the ray treatment. 

In the ionosphere there are regions in which the ionization density 
does not vary smoothly— 4he ionization being of a ‘patchy’ nature, 
fri such a medium there is scattering both in forward and backward 
directions of the incident wave and the ray treatment fails when the size 
of the patches becomes comparable with the wavelength. In fact, it is 
found that the penetration of the wave into the region is controlled not 
by the maTimiim electron density but by the condition that the size of 
the patches is about I/(4ir) times the wavelength. (These points wiO be 
further discussed in Sec. 13(e).) 

A second instance is provided by the case of partial reflection. It 
is often found that when the frequency of a wave incident on an ionospheric 
layer apiaroaches the critical frequency the wave is only partially reflected, 
a fraction of it.peiwtrating into the layer. According to the ray theory 
there is no room for such partial reflection. The incident wave will be 
either totally reflected or will penetrate according as the wave frequency 
is less or greater than the witical frequency. (We are considering, for 
simplicity, the case of no magnetic field and no collision.) Yet, according 
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to obaervations, aaoh partial reflection and partial penetration phenomena 
are quite omunon. (See Sec. 4, Fig. 33.) The reaacm for thia partial 
penetration ia aa foiloim: 

From onr aimple oonaideration ve have found that ‘reflection* oocora 
when the group vdoeUy hecomea zero. Bnt, we have, group vdodtyx 
pha»e vdodty k e>. Hence, aa the critical fi^nenoy ia approached, the 
group velocity tends to zero value and the phase velocity, and along with 
it the wavelength, tends to an infinitely large value. The dimensions of 
any inhomogeneity in the ionized medium become small compalred with 
the wavelength and the ray treatment becomes inapplicable. 

It is interesting to recall in this connection similar failure of the ray 
theory and the necessity of invoking the aid of the wave theory in optics. 
If a ray of light is incident on a thin film of refiractive index smaller than 
that of the outside medium — the thickness of the film being comparable 
with the wavelength of light— 4hen it is found that the ray will penetrate 
into the film even when it is incident at an angle greater than the critical 
uigle as determined by the principles of geometrical optics. 

As a third instance of failure of the ray treatment we consider the case 
of reflection of long* and very-long* waves from the bottom of an ionospheric 
layer. [Waves of length between 1 and 10 km. (frequencies between 300 
and 30 kc/s) are called long-waves; waves of length greater than 10 km. 
(frequencies less than 30 kc/s) are called very*long*waves.] In Fig. 3 let 
the boundary AB be in the region below the ^-layer. The ionization 
density in this region is known to increase from a negligible value to one 
sufficient for ‘reflection* (by the bending process) of medium waves within 
the heijdit of a few kilometres. Hence for long* and very*long*waves the 
complex refiactive index (taking collision into account) changes by a sig- 
nificant amount within one wavelength and reflection takes place even 
though the refractive index has not fallen to zero value. Such waves 
may therefore be regarded as returning from the ionized layer not by a 
process of gradual bending (as shown in Fig. 3) but by reflection from a 
sharp boundary. Farther, for the lowest frequencies the two magneto- 
ionic components are not propagated 'independently and the methods of 
geometrical uptics again become inapplicable. 

The general problem of the propagation of electromagnetic waves 
through the ionosphere, traversed by the terrestrial magnetic field, has not 
yet been exactly solved. This is because firstly, the equation of electro- 
magnetic wave propagation has not been rigorously developed, and secondly, 
the boundary oonffitions (e.g., disposal of the anteima, condition of the 
ground, physical condition of the ionosphere) are not easy to be properly 
formulated in the solutions of the equation. However, for some special 
cases of ionization distribution and specified directions of the magnetic 
field (or, when the magnetic field is absent) equations have been developed 
and solutions obtained. 

As an illustration let us first consider the case of partial reflection from an 
ionized layer of finite thickness which, according to the ray theory, acts as a 
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barrier to wATei of fiequeiuiy less than the oritiod ficequeiu^. The {noblem 
may be treated in a manner quite aoalogoiis to the teeatment of crossing of 
potential barriers by fi»t particles in quantum mechanics (e.g., emission of 
a>particles from atomic nuclei) [33]. This was first done by Saha and Bai 
[34] who assumed for the purpose of calculation m electron barrier with an 
isosceles triangle profile. The treatment was later extended by Deb [35] to 
electron barriers of parabolic profile. This disteibution approximates to 
the actual electron density distribution near the THA.TifniiTn of an ionized 
layer. Deb has determiiied the value of the refiection coefficient near 
the critical frequency following Kemble’s anal]rsis on the determination 
of transiMuem^ of a potential barrier of parabolic form by the so-called 
B.K.W. method in quantum mechanics [36]. According to Deb the trans- 
mission coefficient T for a wave of fireqnenoy/is given by 

1 

l-t-exp(2J0’ 

where K iT— the ’scale height’ of the region, c — 

velocity of lic^t, — critical frequency, A / = /~~/c‘ evident from the 

above relation that for the true penetration frequency (A / =: 0) the value 
of this transmission coefficient T is 0’6. The refiection coefficient /> (si — T) 
has also the same value. /> varies rapidly on either side of this frequency, 
attaining the value of 1 when A/ is positive and falling to zero when A / 
is negative. These results explain the phenomexm of partial reflection from 
and partial penetration into an ionized layer by waves of frequency close 
to the critical frequency. 

Transmission i«operties of a parabolic layer of limited thickness ( ± A A. 
from the plane of maximum density) when magnetic field, as also collision, 
are present have been studied by Bydbeck [37]. He has deduced the appro- 
priate wave equation^and has obtained exact solutions of the equation 
for two special cases of propagation — along and at right angles to the 
magnetic field. An interesting deduction is made in regard to the virtual 
height of reflection. It is found that for frequencies much below the critical 
frequency, the virtual height is about the same as that deduced from ordinary 
considerations. But, if the wave frequency is close to or greater than the 
critical frequency, then the equivalent height, instead of steadily increasing 
towards infinity, diminishes after reaching a maximum. However, no 
reflected wave can be detected, because the absorption increases very greatly 
near the critical frequency. Wave propagation between the ewth and a 
concentric ioiiized layer with parabolic gradient (as also ionization var 3 iing 
as the square of the height) has also been considered by Bydbeck. As 
expected, it is found that the return of long waves from the ionized layer 
may be regarded as reflection from a sharp boundary. 

An interesting feature of long distance propagation of long- and v^rj*- 
long-waves may be noted in this connection. Over long distances the 
I»opagation is in the space confined between the two concentric reflect- 
ing surfaces - - t he earth and the ionospheric layer. The propagation 
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phenomenon is then to that in a wave-gaide, in which only a limited 

number of ‘modes’ (the number approximately equal to the number of 
waves which may be contained within twice the width of the guide) can be 
propagated without appreciable attenuation. Each of the' modes in such 
wave propagation may be regarded as made up of two component progres- 
sive plane waves with their normals making equal and opposite angles 
with the horizontal. According to ray treatment we also have reflected 
rays of different orders. But these reflected raya are not to be confused 
with the two progressive plane waves mentioned above. It is interesting 
to note in this connection that round*the-world echoes have been recorded 
with very -long-waves (18 kc/s) propagated presumably by the wave-guide 
process [37a]. 

Amongst other works on wave treatment, making simplifying assump- 
tions, mention may be made of those of Hartree, of Wilkes, of Rawer and of 
Stanley [376]. Hartree has attacked the problem Aaanming that the ioniza- 
tion gradient is linear and the barrier has a ‘triangular’ profile [18]. Assum- 
ing similar ionization gradient Wilkes has deduced and solved the wave 
equation for the case of reflection of very-long-waves (plane) when the 
magnetic field is vertical [38, 39]. Rawer has worked with Epstein layer 
and calculated the transmission and reflection coefficients [40]. 

General wave equations have been deduced and discussed by Bose [41]. 
The wave equations in their complete form have been deduced by Saha 
and Banerjea [42]. They ore as follows: 

Here, the axes chosen are: x, in the direction of the magnetic field H; y, 
perpendicular to the magnetic meridian; and z, in the magnetic meridian 
perpendicular to H. Z is thus in j^neral not in a vertical direction. 

It has also been shown by Banerjea [43] from wave considerations 
that the single condition {F where IF is the angle between the electric 
and the displacement vectors, is eipuvalent to the various conditions for 
reflection as obtained by the different workers (see Sec. 2). Further, Saha, 
Banerjea and Guha [44] have deduced from wave considerations, expressions 
for refractive indices of the ordinary and the extraordinary rays and of 
polarization and. absorption for any direction of propagation. These 
expressions are identical with those obtained from the Appleton-Hartree 
treatment. 

I 

4. RADIO SOUNDING OP THE IONOSPHERE 
(«) Introduction 

Of the various radio methods that have been devdoped for exploring 
the ionoqpheric regions, the one that is now almost universally employed 
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li ilM lo-oaUed ‘poUw msthod' flnfc introdnoed by aad Taw [14]. 
!&)i wbat foUowa we will'fint lisi tbe varione ioiUNq>lMcio quantities that 
can be meanured by the radio methods of esqploration—jn partioolar, by 
the pulse method [45]. Brief references will then be made to the prinniplM 
underlying the different methods. Details of a typical equipment for 
measurement by the ‘pulse’ method will then follow. 

The umosphOTio quantities that can be measured immediately by radio 
sounding are the following 

(e) The time taken by the radio signal to travel up to and down from 
the ionosphere. 

(6) The intensity of the re&eoted signal. 

(e) The state of polarization of the received signal. 

Observation (a) yields the sO’CaUed equivalent height {h') of reflection 
{vide ttyWi). Brom (b) the overall refleotium qpefQcient p can be deter* 
mined. The observed results in (e) can be interpreted in terms of the 
magneto-ionie theory. Further, the pulse technique enables one to measure 
the maximum electron number density of an iono^herio ‘ layer ’. 

Angh of incidence meOtod . — ^In this method the angle of incidence 
of the downeomioig ray (Fig. 28) is measured r4f|iCn. Knowing the dis- 
tance between the transmitting and the reoeiving’in^Ons, simple triangula- 
tion gives the equivalent height AO of the reflecting layer. 



Ito. 28 . lUnstnting tbe prineiple of meesuring the aqnivaleat heisb* of leOeotioo 
ftmn the eag^ of inddmoa of the downoeming wave. 

Waveknffih Change mefbod.'— The principle of this method [11^ is as Ibl* 
loirs : If the waves sent out feom a transmitter r o ac h the receiver two 
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paths— one almg th« .groiiiMl sod the other i^eoted from the ionoqtherio 
layer, then the reeoltant intensity will beanuudmuin if the two meet in the 
some phase, and a nunimum if they meet in opposite phasM. Now, if the 
wavelength of the tiransmitter is changed continually over a small range, the 
signal intensity goes through a number of maxima and minima and from a 
record of this number the equivalent height may be computed. 

HoOingworth method.— This method is particularly suited for the 
determination of tire equivalent height of reflection of long- and very- 
kmg-waves [48]. It consists in the measurement of the amplitnde of 
the vertioal electric field at the ground (or, in an aeroplaiie flying at a 
constant height) at difforent distances from the transmitter. The ampli- 
tude is found to fluctuate in a soaanner oharaoteristio of an interference 
pattern formed by the superposition of the ground wave and the reflected 
wave. Firom the structure of the pattern the apparent hei^t of reflection 
as also the reflection coefficient are easily determined. 

Ptdae method. — In the. pulse ihethod [14] the time taken by a swies 
of radio frequency ‘pulses’ of short duration to travel up to the ionized 
region and return to earth is measured (Fig. 29). Knowing this time, 
the equivalent height of the reflecting region is easily calculated. Further, 
the amplitude of the reflected pulses is a measure of the reflection 
coefficient of the umospheric layer from which the pulses are returned. 
The method is also called ‘group-retardation method’ because, as will be 
seen fittna the figure, the signal in its passage through the ionosph^c 
region travels with the velodty appropriate for a wave-group. 

BeliMring to Fig. 28 we note that the radio aignal, ia order to r eac h the receiver 
after reflection at the ionoepheric region, haa to travel along the path TMUBi of this, 
the lengttia TU and BB are traveiaed in air » 1) with the velocity of li|^t in ftee 
apace, nie length if Off, being in the ionieed region (|i<l),iatravened with a velooity 
leaa than that in air — the group-velocity of the wavee in the ionized region. TbetiuM 
taken by the aignal to traverae the paUk iTJfffF ia, therefore, given by 



wliMe d» ia an element of path and « is the velocity of the wave-group at any point 
in its path. It is this time that is measured by the group-retardation method. It 
will be shown later (Sao. 4(e)] that this time is the same aa that taken by a signal to 
traverse the entire path TAB (Fig. 88) with the velocity of light in ftee apace. The 
patiiT.dJtie.ttMrarore, called the eguiealeitf path P'. Thus 

-Jf. 


Tbffi Iwttht oompuiffid by say of tbo notliodo mentioiiad obovo giv^ the ballot 
(A€^ of 11m vortw of tbo oquivolant triooglog and Jo ooUod tbo i^piivaUnt hHghi. 
Tbo oqnhraloiil ballot lo Ibiio ohvoya gi ootof than tbo tnio boi|bt 00 of tbo point of 
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To detemine the mudmina deotron nambar 
density iVnu of aa ionized layer exploring ^yes of 
gradually incroanirig frequency are sent yertically up- 
wa^ to meet the layer. Reflections 'will occur up to 
the frequency for which 4wN^fmj^ ■■ 1. If the 
frequency is increased still further the waves will 
penetrate the layer and there will be no further 
reflection. The limiting frequency at which the 
reflections — ^the so«called ‘echoes’ — ^just begin to dis* 
appear, is called the critical penetration frequency 
of the layer.i If /^( denotes this critical 

frequency, then 

4nN^* 

or .. (46) 

where is expressed in megacycles per second. The 
determination of/^ therefore, enables one to compute 
qi^mby radio- maximum electron number density of the ionc- 
wave * pulaeo ’. Q>herio layer penetrated. 

The remarks made above regarding the true and equivalent heights 
of reflection and the conqmtation of the maximum electron number density 
from the critical penetration frequency are applicable only when the ionized 
region is not traversed by any external magnetic Add. When a 
niagnAf.ift flaid is present, the wave is split up into two components and the 
equivalent heights of reflection and the penetration frequencies of the split 
components— the ordinary and the extraordinary — ^have to be distinguished 
from each other. 

Aamming that the echoes corresponding to the ordinary and the extra- 
ordinary 'waves have been identified, the maximum deotron number density 
can be by noting the critical penetration frequencies of these 

components. 

Thus for the ordinary 'wave, if the oritioal penetration frequency be 
4 , then 

( 47 ) 

For the extraordinary wave two oaaes haye to be distinguished. If 
the exploring firequenoy is greater than the gyrofrequenoy {p>pg)f then, 
as seen in Seo. 2{c)^ the extraordinary ray may be reflected from two distinct 


regions of electron densities given by 

J»0* -!»•-«>» <27) 

^ ( 2 *) 
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Since the deotron denaity inoreaMS with height, the region defined 
by (27) is at a lower level than that defined by (29). It is only onder very 
special circumstances that the wave will have appreciable energy left after 
partial reflection at the level (27), to travel up to and undergo reflection 
at the level (29). Generally, most of the energy will be reflected at the 
lower level. If we denote the critical firequency for this layer by/^( at pJ2ir), 
then from condition (27) 


or .. (48) 

If the exploring frequency is less than the gyrofrequency, then the extra- 
ordinary component is reflected from the level given by jps* 
from which, we get 

J^».x-5^(/,*+/A) (^9) 

There may also be a reflected ray (extraordinary) according to the 
fourth condition of reflection of the wave 




as explained in Sec. 2(e). 
then, 


where 


If is the corresponding penetration frequency. 






(60) 


Sh 


2irge 

me 


and/^ 


2irB^e 

me 


This condition will be further discussed in Sec. 4(f), in connection with the 
inclusion or otherwise of the Lorentz polarization term in the magneto- 
ionic formula. 


(fl) The ’piilse* equipment. 

(i) Introduetion . — ^As already mentioned, most of the ionospheric ex- 
plorations are carried out with equipments working on the group-retardation 
principle of Breit and Tuve. Such an equipment consists essentially of 
the following components: 

(1) A transmitter generating radio frequency ‘pulses’ of short duration 
50-150 microseconds. The wave firequency of the ‘pulse’ is capable of 
being varied continuously over a wide range, say 0'5-20 Mc/s. The pulses 
have peak power of several hundred watts and are repeated at some con- 
venient froquency, 50 or 100 per sec. 

' (2) A broad-band communication-type reemver which can accept the 
band width of the pulses used, ^e tuning of the leceiver is variable 
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oontinuously over the entire range of frequencies covered by the trans- 
mitter frequency. The receiver is also so designed as not to be paralyzed 
when placed close to the transmitter. 

(3) Broad-band antennas, one for transmitting and one for receiving, 
such as vortical rhombics, or inverted V’s, having good vertical directivity. 

(4) Cathode-ray oscilloscope for displaying the received echoes. 

We will now describe in some detail the method of recording the echo- 

pattern as observed on the oscilloscope screen. It is only from a proper 
interpretation of this record that the ionospheric characteristics are obtained. 

The received echoes produce sharp integrated signals at the output 
of the receiver, which is connected to the F-deflecting plates of the oscillo- 
scope. The JC-plates are connected to a linear time base, the sweep fre- 
quency of which is made equal to the pulse repetition frequency. By 
suitably synchronizing or locking the time base with the recurrent received 
pulse signals (with some relative phase shift so that the rising point of the 
direct ground pulse is clearly recognized) a steady pattern of the direct 
signals and echoes appears on the oscilloscope screen. The distance between 
the direct signal and the echo depends upon the time-retardation. If U 
is this delay time in microseconds, then the equivalent height V of reflection 
is equal to 0*15 U kilometres. Fig. 30 shows a typical simple echo-pattern. 

Fio. 30. Typical echo-pattern on the cathode-ray 
oscillograph screen of * pulse* equipment. The 
signal on the extreme left is due to the direct 
ground ray. 



The time base is calibrated and V can be read off directly. (It is to be 
remembered that the time interval between the direct ground pulse and the 
echo corresponds to twice the equivalent height.) 

For experimental determination of the maximum electron number 
density of a reflecting layer, the corresponding critical frequency is deter- 
mined by gradually increasing the frequency of the exploring waves and 
noting the frequency at which the echoes just disappear. If the reflecting 
layer has a sharp boundary, as in the case of £-layer, then there is little 
observable increase of equivalent height with increase of frequency. If, how- 
ever, the layer is diffuse as in the case of the F-layer, then as the critical 
frequency is approached, the equivalent height increases enormously, due to 
large time-retardation of the exploring pulses. In the latter case magneto- 
ionic double refraction is often observed, so that there are two echoes, one 
ordinary and another extraordinary. In determining the critical frequency 
it is helpful to plot the equivalent height (or rather the equivalent path 
P') against the exploring wave-frequency. These curves — the so-called 
(P'— /) curves — are extremely important in ionospheric investigation, as, 
besides giving the maximum electron number density, they provide informa- 
tion regarding various other characteristics of the ionosphere. 
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Fio. 31. Variation of 
equivalent height of re- 
flection from E and F 
regions with dhange of 
frequency of the ex- 
ploring waves. A — re- 
flections from E region; 
BCD — ^reflections from 
F region. -Note the 
abnormal increase of 
the equivalent height 
(P'/2) of reflection from 
the F region near the 
penetration frequency 
of the E region. 


Fig. 31 shows an plot in which the exploring wave-frequency 

has been increased by small steps. The circles represent the echoes received. 
It will be noticed that at 4*6 Mc/s., echoes suddenly cease from the 100 km. 
equivalent height. The maximum electron density of the reflecting layer 
is then given by (Eq. 46) 

-»^msx-l-24xl04x(4-6)* 

■■ 2*6 X 10® electrons per cm.® 

On further increasing the frequency, the echoes reappear from much greater 
equivalent height. These are due to reflections from Region F. It will 
be noticed that the equivalent height at R is very large. This is because 



Fzo. 32. Illustrating the method of continuous recording of ionospheric echoes. 
The shaded region is part of the mask covering the whole oscillograph screen 
except the time-base (thick block line). Any pulse appearing on the time-base 
produces a discontinuity which leaves its trace on the moving fllm. 

X5 
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the retardation of the exploring wave group by Region E near its critical 
penetration frequency is very large. 

In modern equipments, the exploring wave frequency is varied continu- 
ously and the (P'— /) curve is photographed directly on film. The method 
for doing this is as follows: 

The oscillograph screen is masked in the manner shown in Fig. 32 
and a box camera is used in conjunction with specially fast bromide paper 
or film. The film is moved slowly in a direction at right angles to the time- 
base by a motor and the breaks in the time-base due to the ground pulse 
and the echoes form traces on the film. There is a switching device for 
the motor in the camera unit which, when operated in one direction, auto- 
matically opens the lens shutter. Fig. 33 is a reproduction of an actual 
(P'— /) reoord. 
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Fio. 33. Typical (P'~/) curves obtained with an automatic ionospheric equipment 

(Booker and Seatchi) [93]. Watheroo Magnetic Observatory, December 18, 1939, 

16h. 15m. local time (120^ East meridian). 

From what has been said above it is evident that with the pulse 
technique one can determine the following two basic relations : — 

(1) The manner in which the equivalent height of reflection (h') varies 
with time (t) and with wave frequency {/), i.e., the nature of the 
function, W = ^i(/, 0> 

(2) The manner in which the reflection coefficient (p) varies with 
timo (0 and with wave frequency (/), i.e., nature of the function, 
P==^2(/»0- 

However, experimentally it is simpler to deal with only one of the 
independent variables, the other being regarded as constant. Thus, in 
practice, w^e can obtain the following four relations: — 

Md, » 

I5B 
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(ii) AiUomalic mvUifreqmncy ionaspheric recorder , — ^As the ionospheric 
characteristics are subject to rapid changes, it is necessary that the 
complete sweep of the frequency range is made in as short a time as 
possible. All modern ionospheric equipments have been developed with 
this end in view. Further, the modern equipments register the complete 
(P'— /) sweep automatically the transmitter and receiver being inter- 
locked and always in tune [49]. Panoramic recorders have also been 
developed which permit the complete P'— / curve to be delineated on 
the oscillograph screen. The different automatic, equipments developed 
in the various important ionospheric laboratories of the world differ neces- 
sarily in details of construction — ^the frequency interlocks, the time for a 
complete sweep, etc. In what follows we will describe the principal features 
of an automatic ionospheric recorder as is in daily use at the ionosphere 
field station of the University of Calcutta, at Haringhatta, 28 miles 
(20^ east of north) from Calcutta. 

The apparatus is designed and built by the Commonwealth Scientific 
and Industrial Research Organization, Australia [50]. It makes a complete 
P'— / record in 1 min. 55 secs, over a frequency range 1-13 Mc/s. This 
record is obtained on a standard 35 mm. film and is repeated every ton 
minutes, i.e., 6 records are obtained in one hour. The number of records 
can, however, be increased to as many as 30 per hour. 

The cabinet, housing the complete apparatus consisting of transmitter, 
receiver, variable frequency tuner, recorder, aerial tuning system and the 
power units, mounted in their chassis is shown in Fig. 34 (Plate I). 

The various components are arranged in the two cubicles, upper and 
lower. The upper part contains the transmitting valves with the modu- 
lator, tank-circuits, switches, receiver tuning units and receiver r.f. and 
converter valves. The lower part contains the receiver i.f. stages, detector, 
pulse circuits, circuits for the recorder and also the power units for all circuits 
— mounted on 3 separate chassis which can be conveniently slided in or 
taken out. 

The main characteristics of this type of automatic apparatus, as dis- 
tinguished from the manually operated ones, are as follows : (1) The transmit- 
ter and receiver tuning systems are always kept tuned to each other, (2) the 
oscillator frequency is slowly varied automatically over the entire range, 
and (3) the operation is repeated automatically at predetermined intervals. 
The first two are accomplished by controlling the movements of the 
transmitting and receiving tuning condensers mechanically by moans of cams 
carried on a common cam-shaft supported through self-aligning ball races. 
The cam rotates slowly, being coupled to a motor through worm reduction 
gear-box. For controlling the programme of operation by repeating the 
performance at selected intervals, a timing shaft is coupled to the same 
motor after further reduction of speed. 

The entire frequency range 1-13 Mc/s. has necessarily to be covered 
by more than one coil-condenser unit. In the apparatus described, 4 sets 
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toaittBr timing* mrltdiing orw tom one mait to aumther, merottorin* 
glam twitoiM a>e nse^ We now jnooMd to dmoribe the main emistBQo* 
tional detaila of.the omnponmiti. 

3VtHiMitor.<— -Two 250*watt transmittiog .vidvM in pnah-pull dispoai* 
timx |daoed in the upper onhide and drawing power tom dw power pe^ 
(houmd in the lower onhide) ate modulated at the grid by square-topped 
400 Tdta negative pulsm of 160 pseo. duration. The osoiUator tank circuits 
are four in number omreepmiding to the four bands, 1-2*1, 2* 1-4*4, 4*4-7*6 
and 7*6-13 Ifo/s. They are housed in the upper oubide along with the 
mmonry-in*gIam switches connecting the tank drouits to the osoiUator 
valves. The power tom the transmitter is fed by transmission lines to a 
vertical A*type aerial. 

Modulator , — The modulating pulses are generated by a thyratron, 
controlled by inimary pulses tom a multi-vibrator operate by 50 cydes 
a.0. mains. The thyratron is placed on the same chassis as the transmitting 
valves. 


Jleeetor. — The reodver is of superheterodyne type with 3 i.f. stages. 
The tuning range of the receiver is divided into 4 bands corresponding 
to the 4 bands of the transmitter. Each tuning unit has its own r.f. and 
mixer stages and is interlocked witii the omrespcmding band of the trans- 
mitter. These tuning units tom part of the variable toquenoy tuner 
housed in the upper oubide. The ii’. and detector stages of the reodver 
are placed in' the lower oubide. lire selectivity of the receiver is adjusted 
to accept the band-width of the pulses without serious loss in sensitivity. 
The cironit dispodtions are also so planned that the reodver recovers 
quickly tom the paralysing efibot of the direct transmitter pulse. 

Seeording — ^The recorder is a cathode ray osdUosoope with a 

film camera. The w^t of the recdver (which is always maintained in 
tone with the transmitter) is applied to the vertical deflecting plates of the 
osoUlosoope. The echo pattern produced on the osdllosoope screen is 
photogra^ied continuously on a moving film by a camera mounted on a 
swinging bracket dtoated in the lower oubide. The film is standard 36 mm., 
drawn at the rate of 0*8 inch pw minute, and 18 tot of film is consumed 
daily* ^^le time base of the osdUosoope is generated by a circuit driven 
by the main multivibrator pulses. Height marker pulses are generated 
by a 3000 o/seo. oscillator also contrdled by the primary multivibrator 
pulses. The record for a complete ‘sounding’ the ionosphere is pro- 
duced .'m a-fibn lengtii of about 1} in. to enlarger or projeotw appantus 
is reqoto^ ^ reading the film. With the caUtoating mariu printed on 
each record (at BO km. intervads to height and 0*6 Mc/s to toqumcy) to 
bdl^ts and the penetration toquendee ran be read off to accnradee iff 
iOkaL' Slid ds 0*1 Me/s. re 

.vPoiS(Mta|i|p|y.--— Hower to the various dreuits iff the reodver and 
to tom tiie power soqqply unit houied m to tower 
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FiO. 84. Front panel of an automatic ionospheric equipment designed and built by the 
Commonwealth Scientifio and Industrial Research Organization, Australia. 
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Plate II 



Fia. 36. Front view of automatic tuner of the ionosphere apparatus 
shown in Fig, 34 (Plate I). 
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. The variabk frequency toner.— This is the most important part of the 
automatic apparatus and is housed in the upper cubicle. It consists of the 
mechanisms for controlling the tunings of the trannnitter and the reoeiTer, 
' and for the repetition of the frequency sweep at predetermined intervals. 

Both the transmitter and the receiver variable condensers are specially 
designed and are driven mechanically, through cams and rocker arms as 
already mentioned. Special attention has been paid in the design of the 
cun shaft to ensure that, once these cam contours have been correctly out, 
the frequency law is maintained and the transmitter and receiver remain in 
tune. 

The determination of the cam contour is done experimentally mwk- 
ing out first on an over-size cam-blank, successive positions at close intervals 
of the cam folfowers and then cutting the cam to the envelope of the curves 
obtained. Transmitter cams can be cut only at the final site with the 
transmitting aerials connected to the equipment. The receiver cam oan 
be cut more easily if suitable facilities are available. Symmetrically around 
the cam shaft are placed, at one end, the four transmitting oondmsers, 
and at the other end the four receiving condensers. At each end there 
are four shafts carrying rocker arms. Control springs are fitted to all rocker 
arm shafts to ensure that the cam follower is alwajrs in contact with its cam 
and to restore the condenser after operation to its original setting. • Fig. 35 
(Plate II) shows the assembly. 

As has already been said, switchings from band to band for both trans- 
mitter and receiver and the automatic on and off switching are done by cam 
gear operating mercury switches. These switches again are controlled by 
a further set of switches operated by cams on a shaft rotating once in ten 
minutes. 

The equipment is provided with ample safety factors for continuous 
operation. Once started, it can switch itself off and on automatically and 
may be left unattended. 

(iii) Panoramic recorder . — ^In recent years there has been a useful 
development of ionospheric recorder known as ‘panoramic recorder’. 
In this type of recorder the panoramtic principle as used in radar equipment 
is employed with certain modifications. A large cathode-ray tube with 
long afterglow is used and one obtains on the screen a standing picture of the 
reflections firom the various ionospheric layers. Such a picture is obviously 
of great use as it makes it possible the study of rapid ionization changes 
in the different layers (e.g. during radio fwie-outs and magnetic storms) as 
also the short-lived sporadic ^-echoes. 

The oscillographic recording arrangement is such tha^ the ground pulse 
and the echoes appear as bright spots and the time base sweep is made to 
move parallel to itself as the frequency is increased. It is clear that if 
the frequency sweep is suflBciently quick, and the afterglow is sufficiently 
kmg, the P’S trace will be observed directly on the screen as a bright line. 

The special refinements of this type of recorder are thus: (1) IMght 
spot records, (2) frtst frequency sweep (5-10 secs.) and (3) asrangement for 
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dow movement of the time base paiallol to itself as the firequenc^ is grad* 
ually increased. 



Fio. 39. Sohamatia diagram illuatiatiag the principle of constouotion 
of panoramio ionosphere recorder. (After Stofbegen.) 

Fig. 36 mustrates the principle of the construction of a panoramic 
recorder as designed and built by Stof&egen of the Norw^ian Defence 
Research Establishment. The recorder is in use at several stations in Norway 
for study of ionospheric storms as occur during magnetic disturbances and 
aunnal. displays in high latitudes [61]. 

The receiver an^ the transmitter are tuned together mechanically by 
means of a oonectMHi wheeL An improved synchronous electrical method 
has also bean devdoped for tuning together the transmitter and receiver. 
In this, the method of generating the transmitter signals is to mix the oscilla* 
.tor signal of the superheterodyne receiver with the signal of a second osdl* 
latOT (imlae amdulated). The frequency range of the apparatus is from 
1*4-14 Mo/s; vt jThe oathode*iay oscillograph screen has an afterglow of about 
. 10 secs, aidl ttm rise of the pancnamic picture is 18 cm.x9 cm. Record 
for each pidlub takes 3-6 secs, to be completed. The vertical deflection 
line moves from left to right in synchronization with the rotation of the 
hij^ frequensy tuning system and thus produces the afterglow pattern. 
The speed of the recorder may be reduced considerably for ordinary routine 
obswvation. 

Fanocamk recorders have also been devdoped at other centres of ionos* 
phcaric research. Some of tiiese [62, 62a, 626], as are in regular use at the 
timeofwritiag (1060) are at: (1) Washington D.G. (%*7”N., U.S.A., 

(2) Kiruna (67*0*N., 20*4*E.), Sweden, (3) JohannMbeig (26*2” S., 28*0” E.), 
South Africa, (4) Pennsylvania (41*6” N., 78” W.), U.S Jl. 




sao. 4 


THE lONOSPHEEE 


231 


(c) Complex echo-patterns: Group-retardation and stratification 
splitting— Intensity of the magnetic field In the ionospheric 
regions 

As already mentioned the echoes <hx the oscillograph screen are not 
always simple; very often they form a complex pattern. The complexity 
arises from various causes, the principal ones being complex structure 
of the ionosphere and magnetic double refraction of the waves travelling 
through it. In order to deduce the ionospheric characteristics from the 
(P '— /) curves traced out by these echo-patterns it is very necessary that 
the nature of the echoes be correctly interpreted. 

Multiple echoes may be obtained on accouift of multiple reflections 
between the ground and the ionospheric regions. They are also obtained 
when the exploring wave is reflected partly by one and partly by another 
ionospheric region at a greater height. This happens when the wave- 
fireqnency is near the penetration frequency of the lower region. Complex 
echo-patterns due to the above two causes do not present any difficulty 
for their interpretation. The interpretation of the components of a split 
echo due to magnetic double refraction is, however, not always easy. 

We recall that a wave on entering the ionosphere is split into two waves. 
They travel into the ionospheric regions with difierent velocities and reach 
different heights before reflection. Under suitable condition the relative 
retardations of the two waves, due to these two causes, might be sufficiently 
large to produce on the oscillograph screen two distinct echoes, one due 
to the ordinary and the other due to the extraordinary wave. Since there 
are two factors controlling the retardation, one cannot always predict 
which of the two split components — the ordinary or the extraordinary 
— ^will return earlier. We thus distinguish between two types of splitting, 
the group retardation splitting in which the difference in retardation betw'een 
the components is due to the two components travelling with different 
velocities, and, stratification splitting in which the difference is due to the 
component waves being returned from different strata of the ionosphere. 

Oroup-retardation apUtting. — In Fig. 37, the wave in passing through 
the ionized region A is split -into two components— ordinary and extra- 
ordinary — amoving with different group velocities Vq and v,. If the ex- 
ploring wave-frequency be greater than tin gyrofrequency then vq>v,. 
If there is an ionized region B above A of sufficient density, then the two 
'Split waves are reflected by this re^on and, of the two downcoming waves, 
the extraordinary will be more delayed if it is assumed that the two w'aves 
are reflected from nearly the same level of region 6. This t yim of 
splitting, though of infroquent occurrence, is possible if there is large 
group-retardation in Region E and reflection of both the components 
takes place from nearly the same level of Region F. In this ty]w of 
splitting, therefrxe, the long. 4f component is the extraordinary w’ave 
and is polarized right-handed in tlw 'ffOttbemJinmisphere. 
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Stratifieaiioii ApUtfnfr.— This type of q[>litting ie of moie freqoent 
oocnmnee and its origin may boat be andecatood by lofaiTii ^ to Figa. 12 



Fw. 37. Oroup-retardation q>litting. Tha wava-group antaring tha lowar region A 
ia aplit up into tvo componanta — ordinary and extraordinary — which travel with 
different valocitiaa. Tha two componanta are reflected from the upper region B. 

and 13. In Fig. 13, for the case of wave<frequency less than gyrofirequency, 
the ionization densities necessary for reflection of the two components are 
given by l+« == 0 and y. In Fig. 12, for the case of wave-frequency greater 
than gyrofirequency there is one condition for ordinary wave l+ot = 0 
and three conditions for extraordinary wave reflection, namely, 1-i-a 
and the so-called fourth condition (Eq. (30) ). Now imagine a wave-group 
to be propagated veytically in the ionosphere into r^ions of increasing 
electron density. It is obvious, taking the case of Fig. 12, that the two 
split components of the incident wave-group will be reflected from two 
difierent levels. Since the density increases from bottom upw'ards, the 
extraordinary will be reflected from the lowermost level (1-fa =: — y) 
and the ordinary from a higher level (1-f a = 0). In the echo-pattern 
for such a case the long delay component is the ordinary and the short 
delay component is the extraordinary. This is because the ordinary wave 
penetrates deeiwr into the ionized region than the extraordinary wave and 
is more retarded. This retardation more than balances the opposite re- 
tardation caused by the ordinary wave travelling faster. 

Multiple splitting . — ^Besides such ample splitting which is of common 
occurrence, triple or even quadruple splitting is occasionally observed [*»3, 
53 (t]. Such triple or quadruple splitting of the echoes is not to be thought of 
as due to triple or qua<lruple sjditting of the wave entering the ionosphere. 
As remarke*! in the beginning, a single wave-group is split into two and only 
two comjioncnts due to the influence of the earth’s magnetic field. The 
multiple splitting of echoes is due to partial reflections of the extroonlinary 
wave from three possible levels of reflection. The occurrence of such multiple 
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splitting may again be understood by reference to Fig. 12. We have already 
noted that the extraordinary wave has three reflection conditions each 
corresponding to a particular value of . It is possible that the extra- 
ordinary wave-group instead of being totally reflected from the lowermost 
level (where the particular value of satisfying the reflection condition 
is the least) is only partially reflected [Sec. 2(c)] from all the three levels. 
In such case there will be three split components as extraordinary and one 
as ordinary. 

The polarization, the nomenclature and the relative intensities of the 
components are all related to the direction of propagation of the wave 
with respect to the magnetic field. The relations are shown in tabular 
form below. 

Table I 


Downward pntpagaiion in the northern hemisphere 


Exploring wave 
frequency 

Nature of split 
components 

Polarisation 

Absorption 

Less than 
gyrofrequency 

Ordinary 
(short delay) 

Left-handed 

less absorbed 

Extraordinary 
(long delay) 

right-handed 

more absorbed 

Greater than 
gyrofrequency 

Ordinary 
(long delay) 

left-handed 

less absorbed 

Extraordinary 
(short delay) 

right-handed 

more absorbed 


On account of larger absorption the extraordinary component may be 
altogether absent. Further, if the ionization gradient is sharp then the 
two components may not be resolvable in which case the composite echo 
is called a non-split echo. 

Determination of the earth's magnetic field from ionospheric ohservaiions,— 
The phenomenon of stratification splitting may be utilized for estimating 
the earth's magnetic field in the ionosphere [536, 54]. The ex^riment 
consists in observing the disappearance of the two split components (strati- 
fication splitting) for Region F reflection say, by gradually increasing the fre- 
quency. If the frequency employed is greater than the gyromagnetic 
frequency and if, as is usually the case, the mode of propagation for these 
frequencies is quasi-transversc (collisional frequency v less than the critical 
coUisional freciuency vc) the maximum electron number density Nfa%x 
related to the critical frequencies by the equations : 



(ordinary) 

. (47) 

and 

^ {J^-fJn) (extraordinary), . 

. (48) 
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where fg{ ■■ He/inmc) is the gyroxnagnetio freqaenoy, and /,, /, the oritioal 
frequencies for the ordinary and extraordinary components respectively. 
Equating these two expresdons we have 

/.•-//-/A 


or 


2irme f*~S* 


(51) 


If the propagation is of the quasi-longitudinal t 3 rpe, i.e., if v>v^, the 
two expressions for an 


i^m.* - ^ (/.*+/./*,) (ordinary) 


and 


N, 


irm 


(extraordinary). 


Equating these two expressions we have 


•- m 


Eq. 61 or 52 can be utilized for determining the intensity of the earth’s 
magnetic field in the ionospheric regions. Such determination was first made 
by Appleton, at Slough (66°N.) England [54]. The value of H was found to 
be 0-42 Gauss at the height of Region F, a value 10% less than the ground 
value. This agrees with the calculated value on the assumption that the 
earth is a uniformly magnetized sphere (Chap. VII, Sec. 1). The value 
of if in Region F has also been calculated from a large number of observa- 
tions at Calcutta (23°^) [65], the mean value found being 0*36 Gauss. [I^he 
ground value of H at^lcutta is 0-43 Gauss). 

An interesting fact which needs corroboration lias been 'reported by 
Scott [56] from similar observations made at Clyde River, Baffin Islands 
(70’5 N.) Churchill, Canada. The intensity of the earth’s magnetic field in 
Region F, as calculated from Eq. (51), was found to have a large seasonal 
and diurnal variation, the value being greater in summer than in winter, 
though the diurnal variation was larger in winter than in summer. The 
magnitude of the variation was found to be as much as 20%. It may 
be noted that in the observations at Calcutta referred to above, some 
significant seasonal variation in the value of H, as deduced from Eq. (51), 
had also been noticed. The magnitude, however, is smillsr, not exceed- 
ing 10%. 


(d) Structure of the Ionosphere 

As mentioned in the introduction and as shown in Fig. I , the dennty 
of ionization in the ionosphere is not uniform throughout. The ionosphere 
is stratified into a number of regions or layers of maximum ionization 
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doiuttiflt.* Foot noh regiou, dwrignated D, E, Ex and Ft, ara ahown in 
the fignie. Of theae, F% aodF am the mom pemiatent <mea. The inter* 
mediate mghm Ex ia ohaervaUe only doting daytime. It ooaleaoea with 
E% at ni(^t fonning a ringle mgion E (Fig. 38). Begion D ia prodnoed 
oidy doting daylight hoom and ia mainly an ahaorbing mgfam pattioalarfy 
fbr wavee of madhun fteqoenoiea. The E and F| tegfama am alao known aa 
Eennel^-Seamtiie ami Appkfon layeia mapeotiTely. 



Fio. 88. Illuitrating the day-time 
splitting of Region F into two Ito* 
gions Fi and F%, The ourvee diqplot 
how the tdrfiiol JiEighi pf maaBkmm 
ianUaiion varies throu^^ont 24 honn 
(Canberra» Deoember, 1947). (The 
virtual heij^t of Region F^ ae illu^ 
trated le rather imufoally high. The 
average height ia round 800 km.) 


The ezistenoe of the Ef Fi and JPf stratifioations in the ionoephere was 
discovered firom a study of the variation of the equivalent height P' with 
the frequency/. Kg. 39 is prepared from a typical (P'— /) record obtained 
during daytime. It will be seen that there are discontiiiaities in the curve 
at certain frequencies. At each of these frequencies an ionospheric la 3 rer 
is penetrate. The three such discontinuities in the figure thus give the 
three critical frequencies for the three regions of maximum ionization E^ Fi 
and Ps* 

The formation of theae regions being due to the ionizing action of 
the solar ultraviolet radiation, it is obvious that the heights and the 
densities of ionization will vary greatly according to the hour of the day 
and the season of the year. Average values of the minimum virtual heights 
of the three regions in summer at sub-tropical latitudes during an epoch of 
maximum solar activity are 100, 210, 260 km. The corresponding number 
densities are 5 x 10*, 10*, 2*5 x 10* electrons/om.* 


* The terms ^Region* and 'Layer* are not infrequently used indisorimlnately to 
denote a portion of the ionosphere having some oharaeteristio feature such as a maximum 
of ionisation density. The Wave Propagation Ckmimittee of the Institute of Radio 
Engineers, XJ.S.A., has, however, defined these terms as follows : 

Region— A region of the ionosphere Is a portion of the atmosphere in whloh 
there is a tendency for the forma^on of definite ionised layers. 

Layer— A layer of the ionosphere Is a regularly stratified distribution of ionisa- 
tion which la formed in a region of the ionosphere and is capable of reflecting 
radio waves back to earth. 
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Ifc Bhoald be noted that it is not impossible for other stratifications to 
exist between these thrde regions which we are unable to detect by the 
ordinary experimental methods [66a]. It is obvious from Fig. 39 that the 
ionization the various layers increases progressively from the lowermost 
one. If there is a stratum of maximum ionization, say, between and Fi 
such that its maximum density is less than that of Fj, the stratum will not 
be able to produce any echo. Because, a wave which has penetrated 
the Fi-layer will also obviously penetrate this other layer. The experi- 
mental method described above, therefore, only indicates the existence of 
strata, the election number density of any one of which is greater than that 
of any existing below. 



Fio. 39. Illustrating ty- 
pical h'—f record indi- 
cating the stratification 
of the ionoaphere. 


Mention may be made in this connection of a probable O-layer situated 
above F% whose denuty is supposed to be ordinarily less than that of 
the Fg-layer. The C-layer is thus detectable only under exceptional cir- 
oumstances when the density of Fg-layer may have fallen below that of this 
layer. The height of the layer is estimated to lie between 600 and 600 km. 
[67, 58]. It should, however, be mentioned that the occasional observa- 
tions of such large values of equivalent height have also been interpreted 
as due to multiple refiection between the bottom of Fg-layer and the top of 
Fi-layer. The existence of G'-layer is thus still problematic. 

The ‘pulse’ technique reveals, besides the well-recognized stratifica- 
tions E, F] and Fg, regions or ‘ patches ’ of intense ionization close to the 
height of the E region. On account of their irregular occurrence these 
are known as sporadic E (designated as E,) [69, 60, 61]. The nature 
and origin of E, are not yet fully understood and will be further discussed 
in Sec. 13(6). 

The existence of Region D is not revealed by the ordinary pulse 
technique. This is because of the inability of this region to refiect 
medium and short waves at vertical incidence. Nevertheless, various 
effects connected with the variation of signal strength of waves reflected 
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from E and F regions (due to their passage through this region) as 
also variation of the strength of atmospherics from diQrlij^t to night 
hours indicate the existence of the absorbing 2?-layer [62, 63, 64]. 

The most casual radio listener notices an increase of atmospherics with 
the fall of darkness and simultaneously with it an enhancement of the 
signal strength of medium wave stations at large distances. The natural 
explanation of this phenomenon is that during hours of sunlight the com* 
paratively dense atmosphere below Region E is ionized, where, on account 
of frequent collisions of electrons and ions with the neutral gas molecules, 
radio waves are stroi^ly absorbed. When the solar radiation is withdrawn, 
the ionization decays quickly on account of rapid recombination, and the 
absorption of radio waves ceases. 

The />-layer is also able to reflect back very-long waves (waves of 
length greater than 10 km.) incident on it. The return of the waves, 
-however, takes place not by a process of gradual bending, as in Fig. 2, but 
by a process more akin to reflection from a boundary discontinuity. This 
is because for such long waves ionization density changes by a significant 
amount within a height comparable to one wavelength (see Sec. 3). The 
virtual height of reflection of these waves is found to lie between 70 and 
80 km. [66]. It is, therefore, sometimes suggested that the D region ioniza- 
tion lies between 70 and 90 km. [66]. It should, however, be remembered 
that the observed height of reflection is the virtual height rather than true 
height. The true height of reflection may be perceptibly lower as has been 
calculated by Pfister [67]. The maximum electron number density of D 
region is estimated to be some few thousand electrons per cm.* Reflections 
at vertical incidence from a virtual height of about 66 km. have also been 
reported by some workers [64, 68]. The ionized layer which produces such 
reflection is, however, to be distinguished from the normal D region (dis- 
cussed above) and may be called sporadic D. The normal D causes absorp- 
tion but is important in long wave propagation. The D-layer will be further 
discussed in Sec. 10. 


(e) Group path and equivalent path— A theorem on equivalence 
of virtual heights .of reflection for oblique and for vertical 
Incidence 

As. mentioned -earlier, the quantity measured in the group retardation 
method for finding out the heights of ionospheric layers is the time taken 
by the pulses to travel along the curved path TOR (Fig. 40), which may 
be called the group path. This time, as was pointed out, may be proved 
to be equal to the time which the wave group would' take to travel along 
TAR, t^ whole of the path being considered to be in vacuum. The path 
TAR is therefore referred to as the equivalent path. 

Consider the part of the group path MON lying within the ionospheric 
layw. The velocity v of the group varies from e at M, the point of entry 
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Fio. 40. lUuitrating tha equivalanoe of oblique incideoce end vertioel inddeiioe 

equivelent hdli^te. 


into the layer^ to zero at 0 the point of reflection. The total retardation 
Jf of the group is given by 



MOH 


Or, ainoe. 


c* 


•when « is the'idkase Tdodty and /» the ra&actiye index. 


uoir 


If ^ is the angl^ made by the direoticm of propagaticin of the group 
at any point in its path with the vertioal, the le&aotiYe index at this 
point and d» is any element of the path, thm dx, the component of ds in 
the horiz<mtal direction, is given by datmdxitin. Now, if » is the angle of 
incidence oi the ray tm the ionosjdim then, by ftidl's Law sin ifnmeia i. 


Hence, At < 


1 (fa 


sin» 


MOH 


Am ^ MAN 
esini"" e * 


(63) 


since, frmn geometry, MANtmAxIAai. In other woids, the measured 
retar^tion At for transmission of ^ group along the curved path MON 
is the same as the time taken Iqr it to travel along the path MAN witii 
the constant velocity c. 

Another important theorem follows directly from the theorem of 
equivalence of path proved above. 
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Conaider in the icmized regi<ni (horizimtally etratified) s layer of eIeo> 
ftoa nnmber density N* and let a wave of freqnenoy/inddent normally on 
the region (from below) be reflected from this layer. Let another wave cS 
freqaenoy /' incident at an anj^ • on the regimi be also totally reflected 
frmn the tame layer of dectron number density N^. Then, according to this 
thecwem, Ae eguMent heighta reached by the two wavet are alto the tame. 
The proof of this thewem is as follows: 

Let be the electron density in the region 0, from which a wave 
ot frequency/' incident obliquely on the ionosphere at an angle *, is reflected 
back (Fig. 40). Then we have 


am>» I 




frm/'* 


or. 


/'«C0S»»| 


Ny 

am 


(63a) 


wlme po is refractive index of the reflecting layw for frequency /'. 

For reflection of a wave of frequency / incident normally from t^ same 
layer, we have 

1 


amj* 


or. 


/* 


Ny 

vm 


(84) 


From (63a) and (64), the two frequencies / and/' are related by the equation 

/-/'cos* (66) 

/ is called the eguivalent normal incidence frequency corresponding to the 
oblique incidence frequency /'. 

The refractive index of a region of electnm dmisity N, for the wave 
frequency /' may thus be written in terms of the equivalmit normal in- 
cidence frequency / as . 

» . Ny . Ny- , . 

^4 “ amf** ** amjt ’ *’ 

From the relation /n^ sin ^ b sin t, we also have 

B cost ^-f-sin* i. 

Equating the two expressions for we get 

amJ*J 


#ij cos* ^ - cos* » - cos* f . #t«. 


(66) 


where y is the refractive index of the same region for wave frequency /. 
Now we have from Fig. 40 and Eq. (63), 

, . man 

y/-cos.— 5 - 
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m 

Jf dff it the oompouetA of the peth-dement <I» in the vurtioal diieotion, 
dffmtd$ ooe if) and therefcne, 



Po and y/ ace the actual and equivalent hdi^ta of reflection reckoned from 
t^ lower boundary of the ionized region, for oblique incidmice. From 
Eq. (66), 



The intejpiJ on the right gives the equivslmt height y, of reflection of the 
wave at normal incidence, ao that 

Thus, we anive at the important theorem [60] that the eguivofent heiyht 
of r^Uetkm of a wove fnywmoy f incident vertieaUy on the ionotphen is 
the same oe t^ cf a wave of frequmeyf incident obUqudy, provided^ that the 
two wooes are reflected from the eome region of ionization. 

It diould remembered that the above theorem holds good cmly fur 
a flat earth and a horizontal ionosphere. If the curvature of the earth 
is taken into account, thm the ionospheric layer is also necessarily curved 
anda owrection has to be applied. 

(/) The Lorentz polarization term 

In deriving Eq, (6) [Sec. 2(a)] it has been assumed that Ike accelerating 
force <m an electrdn in the ionosphere due to a radio wave is (mly that 
due to its electric vectmr. This is in accordance with Sellmeyer theory 
of dispersimi in which no account is taken of the force arising out of the 
electric polarization of the medium due to the applied electric force. 
Hartree [70], however, pointed out that in the case of the irmosphere the 
effect of polarizati<m ought to be taken into account and that a term equal 
to iedP (where P is the polarization moment and l^\) should be added to 
the electric field of the wave. This is obviously in accordance with the 
Lorentz thewy od polarization. The question whethw Lraentz thewy 
({■■1) at Sellmqrer thewy (I»0) is to be applied in icmospherio calculations is 
of considerable practical importance. For iostanoe, it can be shown that the 
use the one or the other may result in a variation <^60 pw cent in the value 
of the electnm density calculated from the critical penetration frequency. 

The questi(m whether the p<flarization term ought or ought not to be 
added has been closely examined by Darwin [19] and he gives stnmg theo* 
xetioal reasons in favour oi Sdlmeyer theory (1^*0). 

It is possible to test experimentally the validity of the one <xr tiie other 
theory by certain kmoqthnic measurements. Such measurements have 
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been made by yarious wmrkers but the results obtained appear to beHsme^ 
what conflicting. There still remains some uncertainty as to the correct 
formula to be applied, though, on the whole, the conclusion is in favour 
of omitting the polarization term. We give below a short account of the 
ezperimentol tests and of the results obtained. 

One experimental method of deciding between the two theories depends 
upon the fact that for wave frequencies lees than the gyromagnetic frequency 
and under certain conditions of propagation, the behaviour of the extm- 
ordinaiy wave predicted by the one theory is different from that predicted 
by the other theory [71]. If we consider vertical incidence radio explora- 
tion of the ionosphere at places where the magnetic dip is greater than 
36^, and with wave frequencies for which vertical propagation is of the 
quasi-transverse type [Sec. 2(d)] then we have the following: 


According to SeUmeyer 
theory 

(i) Virtual height of reflection of 
the extraordinary wave will 
increase to infinity as the 
exploring wave frequency is 
increased to the gyromag- 
netic frequency. 


(ii) Absorption suffered by the 
waves on frequencies near 
the gyromagnetic frequency 
will be very large. 


According to Lorentz 
theory 

(i) Virtual height of reflection of 

the extraordinary wave will 
increase to infinity as the 
exploring wave frequency is 
increased to the so-called 
Lorentz frequency, which is 
somewhat less than the gyro- 
magnetic frequency. 

(ii) Absorption of the extra- 

ordinary wave on frequencies 
near the Lorentz frequency 
will be less than that accord- 
ing to the SeUmeyer theory 
near the gyromagnetic fre- 
quency. 


The ratio between the Lorentz frequency and the gyromagnetic fre- 
quency depends on the magnetic dip I of the place of observation and 
increases from 0*67 for /b 90? to unity for /ss35^. 

Now, Booker and Berkner [72] have analyzed a large number of (P'—J) 
curves for Region F observed at night at Washington and have found that 
on frequencies far below the usual mtical frequency, the extraordinary 
echo attains very large virtual heights increasing to ix^nity at a fre |uenoy 
of 1*38 Mc/s. Further, right up to this frequency the absorption is quite 
smaU as evidenced by the occurrence of multiple reflections. A typical 
record showing this phenomenon is reproduced in Fig. 41. Now, since the 
gyromagnetic frequency at Washington for Region F is 1*63 Mc/s and 
tte value of the Lorentz frequency is 1*38. Mc/s, it appears that the obser- 
vations agree with the predictions of Lorentz theory. Booker and Berkner 
maintain, therefore, that these observations are sufficient proof of the 
t6 
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FREClU£NCY(Mc/s) 

Fio. 41. Record of curve showing large virtual heights of Region F echoes 

(extraordinary) below Lorentz frequency (Booker and Berkner). 

On the other hand, Martyn and Munro [73] made some interesting 
observations, which receive simple interpretation on the basis of Sellmeyer 


b 200 
§ too 


I’O /•/ /•£ h3 

FREQUENCY (Afcjb^. 

Fzo. 42. Record of curve showing cessation of echoes on wave«lkeqaenoy 

cos $ (Martyn and Munro). 

theory. They frequently observed at night at Sydney a type of (P — /) 
curve for Region F as shown in Fig. 42. The two uppermost traces in this 
x6b 
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fignre are interpreted by Martyn and Munro on the baais of Sellmeyer 
theory as follows: 

(i) Both the traces are due to (wdinary echoes; the one producing the 
lower trace is due to reflection according to the condition 


( 28 ) 

and the other, producing the upper trace, is due to reflection according to 
the fourth condition of reflection [Sec. 2(c)], 


pt—pi 

Po* i 

. . (30) 

Eqs. (28) and (30) reduce to 


_ 

max "" ^^2 

.. ..(28.1) 

and 


Y 

max - • • 

. . (30.1) 


where / is the exploring wave frequency (=p/2ir), the gyromagnetic 
frequency ( ^p^l^n) and all other symbols have the same meaning as in 
Sec. *2. These equations, it should be noted, do not hold if the Lorentz 
polarization term is included [20] in the dispersion formula. 

Since at Sydney the value of the gyromagnetic frequency for Region 
F is 1*46 Mc/s., the case of p less than Pj^ (y greater than 1) holds and it 
will be seen from Eig. 13 that the waves reflected according to Eqs. (28.1) 
and (30*1) are both ordinary waves. 

(ii) It will be noticed in Fig. 42 that the uppermost trace continues 
up to about 1*27 Mc/s. and then disappears completely. 

Eq. (30*1) shows that as the exploring wave frequency approaches 
fjj cos 0, the electron number density required to reflect the ordinary wave 
corresponding to the uppermost curve increases rapidly and finally becomes 
infinite when cos 0, It is clear therefore that under this condition 
reflections will cease. 

At Sydney the value of cos B for Region F (230 km.) is 1*30 Mc/s. 
The disappearance of the uppermost trace just below 1*30 Mc/s. is there- 
fore in striking agreement with Sellmeyer theory. Since, as has been pointed 
out above, the inclusion 6f the Lorentz polarization term does not give 
the pondition of reflection represented by Eq. (30*1), i.e., does not predict 
cessation of reflection just below 1*30 Mc/s., Martyn and Munro maintain 
that the above observations are definite proof that Sellmeyer theory, and not 
Lorentz theory, appb'es to the case of the ionosphere. 

Similar (P — /) curves obtained by Appleton, Fanner and Ratcliffe 
[74] in England have, however, been interpreted in a different manner. 
These authors made polarization measurements [76] of the two waves and 
found that the upper curve is due to extraordinary reflection and the lower 
ourve tp ordinary reflection. They therefore pointed out that unless similar 
polarization measurements were made of Martyn and Munro’s echoes, it is 
difficult to accept their interpretotion that both the waves are ordinary. 
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Martjm and Munro [73] in subaequent investigations measured the 
polarization of the two echo components on about 500 occasions. They 
found that the echo corresponding to the uppermost trace had either left- 
handed elliptical or approximately linear polarization, but was never found 
to be circularly polarized. These results they maintain, uphold their in- 
terpretation and prove the validity of Sellmeyer theorj\ 

Yet another method of testing the validity of the one or the other theory 
is provided by measurements of maximum usable frequency over a given 
transmission range (Sec. 9). The effect of including or omitting the Lorentz 
polarization term (/=]/3) in calculations on the transmission of radio waves 
through an ionospheric region was first discussed by Batcliffe [76] and later 
bySmfth [77J. Assuming the region to have parabolic distribution of 
ionization density with height and neglecting the effects of the collisional 
frequency of electrons and of the earth’s magnetic field, Batcliffe came to 
the conclusion that for transmission ranges round 500 km. the values 
of the maximum usable frequency for Begion calculated according to 
Sellmeyer theory and according to Lorentz theory, differ only by about 
2 per cent. For shorter and longer distances of transmission the predicted 
maximum usable frequencies on the two theories have no significant differ- 
ence. Farmer, Childs and Gowie [78] made some simultaneous observa- 
tions of vwtical incidence (P*—f) curves and of the maximum usable fre- 
quency for a transmission distance of 464 km. using Begion as the re- 
flecting layer. Batcliffe made use of these observations and showed [76] 
that omission oir inclusion of the Lorentz polarization term meant a differ- 
ence of only about 1 per cent. However, such small differences cannot 
be relied upon for discriminating between the theories, specially because 
the accuracy of these observations was about of the same order, 0*5 per 
cent. ^ 

Later analysis by Smith [77] shows, however, that for distances much 
larger than those used by Batcliffe, the difference in the maximum usable 
frequencies calculated according to the two theories is much greater. For 
instance, it is found that for transmission by Begion F 2 , this difference 
amounts to about 12 per cent for a transmission distance of 1,000 km. 
and increases to a limiting value of 17 per cent for distances greater than 
3,000 km. For transmission by Begion E, tliis difference is nearly 8 per 
ceiit for a transmission distance of 500 km. rising to a limiting value of 
about 19 per cent for distances greater than 1,500 km. Smith’s results 
have been applied to observed data on oblique incidence radio transmission 
and it oas been found that the records show good agreement with Sellmeyer 
theory (lasO). More direct observations on maximum usable frequencies 
made by BOynon [79] also provide strong evidence in favour of the 
SeUmeyer thMry. He has made accurate measurements of maximum 
usable frequency for transmission distances of 1,000 km. and 700 km. and 
compared the results with the values calculated from the two theories. It is 
found that for transmission over 700 km. the mean deviation of the observed 
values from the values obtained from Sellmeyer theory is only 1/10 of the 
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deviation from the values predicted by Lorentz theory. For transmission 
over 700 km. the divergence between the observed results and .the values 
of maximum usable frequency calculated according to Sellmeyer theory 
is only 1/30 of what it would be if Lorentz theory is applied in the calcula- 
tions. Sellmeyer theory is, therefore, in decidedly better agreement with 
observations on oblique incidence transmission than the Lorentz theory. 

Thus the experimental evidence, on the whole, seems to be more in 
favour of omitting the Lorentz polarization term (1=1/3) from the dis- 
persion formula. 

It may be mentioned that in recent years Kelso [80] has made a detailed 
theoretical stud}’' of the effect of the Lorentz polarization term on the absorp- 
tion of vertically incident wave in a deviating ionospheric region and has 
compared the results with those obtained from Sellmeyer’s theory. Accord- 
ing to the author, it is possible, with the help of the theoretical analysis 
.made by him and with sufficient precision measurement, to determine 
whether the Lorentz term should be retained or not. 

5. ABSORPTION IN AN IONIZED LAYER— REFLECTION 

COEFFICIENT 

(a) Introduction 

The study of the absorption of radiowave in itj passage through an 
ionized layer is of great practical importance because all long distance 
radio communication is maintained via the ionosphere. 

The absorption in the ionosphere may conveniently be classified as : 
(i) absorption in the deviating region, i.e. absorption suffered in the process 
of * reflection ’ and (ii) absorption in the non-deviating region, i.e. absorp- 
.tion suffered in the part of the ray path where it is straight. Remember^ 
ing that long distance propagation takes place by reflection from the B- or 
the jP-layer, experimental measurements show {vide infra) that though 
there may be a small absorption loss in the process of reflection (particular- 
ly when the critical frequency is apjjroaohed) by far the largest loss takes 
place in the underlying non-deviating D-layer, when this layer is present 
(as in day-time). Besides these ionospheric losses there is also, in the case 
of multi-hop transmission, loss at ground reflection. It is customary to 
lump together all these losses and speak of an ‘overall absorption*. 
Corresponding to the coefficient of ‘overall absorption’ we also speak of the 
‘apparent coefficient of reflection’. The overall absorption suffered by radio 
waves in their journey to the level of reflection and back may be obtained 
from the api>arent reflection coefficient p of the ionosphere. 

• 

(A) Theoretical conelderatlone : Relative absorptlone of the ordi- 
nary and the extraordinary rays 

We will . now deduce some relations defining the apparent refleoti<m 
ooeffident uid overall absorption coeflicient. Results of experimental 
studies will then fcdlow. 
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If ^0 Av amplitude of the inoid^ vave and Si that of the redeoted 

wave, tile apparent reflection coefficient p is given by 




As the echoes return from the ionosjfliere by a process of refraoti<m rather 
than that of reflection, the above ratio can expressed as 

^^-exp[-JifcdA] (68) 

where k is the absorption coefficient of the medium through which the wave 
passes and dh an element of its path, the integration being carried out over 
the whole length of the path. So that 

p exp [ — f 5 = exp (— iy) (69) 

or, — log p 

where 17 is the total attenuation of the waves. 

In order to evaluate p or we may consider separately the 

losses suffered in the two regions — ^the non-deviating and the deviating. 
In Sec. 2(d), formulae have already been derived from which the absorp- 
tions of the ordinary and the extraordinary waves for the two cases may 
be calculated. In order to apply them, however, it remains to be ascertain- 
ed to which of the two types — quasi-longitudinal or quasi-transverse — ^the 
propagation in. the deviating and in the non-deviating regions belongs. 
This will evidently depend upon the value of the magnetic dip at the place 
of observation. As a typical example, we discuss below the case for 
*Calcutta where £r=s0*436 gauss and magnetic dip SI’’ 45\ which is also 
generally applicable, to temperate latitudes. 

Bemembering thdi the propagation is quasi-transverse or quasi-longi- 
tudinal according as [Sec. 2(d)], 

^ >or< (l+a-hj’fi)* , 

we note that for vertical propagation, the inclination of the direction of pro. 
pagation to the magnetic field is 16', and, therefore. 


y4gin«fl 
4y* cOiP $ 


4x0.63 


■■ ^ approximately. 


For the ordinary component, refiection condition is l-}-c( = 0, i.e., 
p*»p,«.and 




in the deviating region the propagation is quasi-transverse or 
quasi-longitudinal according as 


1 (Pb\* 

i\T) 


>or<|i 8 «|. 
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i.e., aooording as , 

l or <v«, ^since^ - ^ 

Nov, for Galoutta, 

Pa# 8x10*; ipa*-32xl0i«; 

and v#10> in Region E, and 10* in F. For the ordinary wave, theref<»e. 
The propagation is thus quasi-transTorse in the deviating 
regi(ni whether it is located in Region E or Region F. 

For the extraordinary component, reflection condition is l+ix b ±y. 
Hence propagation in the deviating region is qnasi-transverse or quasi- 
longitudinal according as 

|^|>or<|(±y.hj)8)*|, 

or 

J > or <|y«-hj8* . 

The expression on the right-hand side is always greater than | y*/2 | 
and, therefore, the propagation of the extraordinary wave in the deviating 
region is always quasi-longitudinal. 

The modes of propagation and the absorption coefficients of the ordinary 
and the extoaordinary waves in both the deviating and the non-deviating 
regions have been discussed in detaO by Booker [31] and are shown in the 
table below. 

Table II 



Deviating region 

Non>deviating region 


Quasi-transvorse 

Quasi-longitudinal 

Ordinary 


, p P 


Quasi-longittidinal 

Quasi-longitudinal 

Extraordinary 

1- « P P /'* 

* 2ca-f lyj^l [jt. 

7 ** 2c[a+|yt|]«+j8« 


The total absorption J kih and the value of the reflection coefficient p, 
theiefofe, may now be obtained by choosing the appropriate value of k for 
the region (deviating or non-deviating) and for the wave compontmt (ordi- 
nary or extoaordinary) oonoemed. 

Abiorpthm qf eariraoriuiary amd ordinary umvea in temperate latitudes . — 
For eomputaticm of long distance radio propagation characteristics and 
also for the hientifioation of the echoes obtained in the group-retardation 
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e^peciments [Seo. 4(e)], it is neoewary to know the relative absorptionB 
suffered tiie ocdiDary and extraordinary components in their passage 
through tte ionoqthetio regions. One is tempted to estimate this by com* 
paring the values of the abswption coeffident k for the two rays in the 
deviating and the non-deviating regions. But this is not generally c<nreot. 
For, the two waves may travel along altogetiier dififorent paths and in 
order to estimate the relative ovwall absorption of the wdinaty and 
extraordinary •rays, one has to compare the values of the integrated 
absorpticm coefficient | it dh instead of simply the values of h.- - 
Hence, as 




i.e. as > it, all along the path the integrated absorption coefficient of 
the extraordinary is greater than that of the ordinary. The extraordinary 
component is therefore more absorbed than the ordinary one. 

For the deviating region, as already pointed out, one has to compare 
the values of J cU and J !;« d& rather than simply the values of h, and 

An approximate value of J h d& may be obtained as follows if the quantity 
YjX is regarded as constant [Seo. 2(d)]. 




The integration extends from the region where p is nearly equal to 1, 
to where /a = 0. The expresdon is multiplied by 2 to take into account 
the forward and the return journeys of the wave in the ionoq;>here. 

Now 

2 dA/p 


is equal to P', the group path of the wave and also 



is equal to the total optical path. Therefore, 

Y 

]hdktm —[group path— optical path] • ^ ■ p/2c 
- -[P'-P].I.p/2c. 


Or, since P <P', (since (t is less than unity, lying between 1 and 0), 
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Snbatitatiiig for YfX, fija for the ordiiiaiy ray and fy^f) for the 

extraordinary ray, ve have 


Jt,dh 
and J if dh 
Therefore, 


— P*'*j5/a*j)/2<j for the ordinary, .. 


-p: 


*+ 1 ^ 1,1 


> pjie for the extraordinary. 


Ikjdh P/ 


P* 


P 


Ihcdh Po' «+Jyx.J Po* P-\Pl\ 


.. (90) 
.. (61) 


.. (61a) 


If P/ and P«' are of the same order then the extraordinary irave is more 
absorbed than the ordinary. 

Thos, for vertical propagation ondw the experimental conditions os 
prevail at Calcutta, and generally also in temperate latitudes in the northern 
hemisphere, the extraordinary is more absorbed than the mdinory both 
fo the non-deviating and in the deviating regions of the ionosphere. 


(c) Experimental Measurement of Ionospheric Absorption 


As iJready stated, the overall absorption i}( = —log p) can be obtained 
by measuring the apparent coefficient of reflection , p. This latter can be 
obtained either by the ‘pulse* method (as in Slough, England) or by the 
‘continuous wave’ method (as in the C.B.P.L., Washington) [81,^83, 86]. 

(i) PttZse Method . — The apparent reflection coefficient p for a given 
angle of inddence can be estimated by a comparison of the amplitude d’ the 
direct pulse with that of the reflected downcoming pulse as received near 
the ground. Let 

F ' — ^the amplitude of the once reflected downcoming pulse at the 
receiver, and 

di — ^the actual distance travelled by the downcoming pulse in a 
single up and down journey. 

Then 


F> 



m 


vdiere p is the apparent reflection coeffident of the imiized region and B is a 
constant defining the amplitude of the pulse sent upwards .by the trans- 
mitter. 

If G' is the amplitude of the direct pulse at the recdver, we may write 

(63) 

"0 


where A depends upon the amplitude of the direct pulse sent by the trans- 
mitter and its attenuation by the ground and do is the distance travdled 
by the pulse over the direct path. 

Combining Eqs. (62) and (63) we get, 

P' BdoP 
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or 


pa 


A 

Bdo' 


dx 


r 

G 


C.di 


r 

G 


.. ( 66 ) 


where is a constant called 'the transmission coefficient’ involving the 
characteristics of the transmitting aerial, the ground attennation and the 
distance between the transmitter and the receiver. 

Again, let 

F * — ^the amplitude of the twice reflected echo, and 
— the reflection coefficient of the ground. 

Then we have 


F" 


2di • 


( 66 ) 


remembering that the pulse has travelled the distance di twice, 
approximation, p^ be assumed equal to unity, we may write 

/ “ 2 

From Eqs. (62) and (67), 

p = 2F7F' 


If, toaflrst 


(67) 

( 68 ) 


It is thus possible to measure the reflection coefficient by simply measuring 
the ratio of the iutensities of the twice and singly reflected echoes. The 
only equipment necessary for the purpose is a stable pulse receiver, as is 
used in ionospheric height measurements. 

However, multiple reflections are not always present and as such it is 
necessary in practice to have methods for determining p even when a angle 
echo is present. This can be done in the following way: Eliminating p 
between Eqs. (66) and (68), 


V 


2F* G 

(FO* ■ di ' 


dj, F' and F' are measured when there is multiple reflection, and at the 
same time the amplitude of the direct pulse G at the receiver is measured. 
The transmission coefficient 0 is thus evaluated. Having once determined 
C for a particular frequency, p can be calculated for the same frequency 
by measuring the amplitudes of the direct ground pulse and the once 
reflected echo and applying Eq. (66). For di the equivalent path is taken. 
This of course is not strictly correct but the error introduced is not large 
compared to the error involved in estimating F'. 

An alternative method, which may be employed when only one echo 
is present is to provide the receiver with a calibrated attenuator at the 
input of the i.f. stage and a reference amplitude mark on the screen of the 
oscilloscope. The attenuator is calibrated -by observing the amplitude of 
the successive echoes in a series of multiple reflection. The rdatioa between 
the amplitude of the received signal and — log p is thus found which can 
be used even when one echo is present. 
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(ii) The Continuous Wave Recording Method . — ^In the CW recording 
method, as the name implies, oontinuoua wave is used. This method of 
recording the field strength and deducing ionospheric reflection coefficient 
therefrom has been extensively employed in the U.S.A. 

The GW transmitter is situated some miles away from the recorder 
and operates on half-wave horizontal antennas a quarter-wave high. The 
receiver also operates from half-wave horizontal dipole antennas, a quarter- 
wave high and broadside to the transmitting antennas. For these 
antennas, the maximum radiation and the greatest pickup factors are for 
vertical sky-wave radiation. Continuous wave automatic field strength 
recorders are connected to the output of the receiver. It is . clear that 
the field intensity as recorded at any point is that due to the combination 
of the different modes of propagation of the ordinary and the extraordinary 
waves, all of which fluctuate randomly in intensity with respect to each 
other. The resultant median field intensity for such combination is equal 
to the square root of the sum of the squares of the median values of all the 
components. However, the field intensity for one of the component 
waves — say ordinary, once reflected — ^may be determined from the compo- 
site record from a knowledge of the differential absorptions of the ordinary 
and the extraordinary waves and by the use of the root-sum-square rule. 
The field intensity thus obtained may also be expressed in terms of the 
apparent reflection coefficient of the wave. In the n.S.A., continuous 
records of field intensity and the measurement of the reflection coefficient 
of the ordinary wave therefrom are being made systematically for a 
number of wave lengths in the medium and short wave bands [81]. 

Besides the vertical incidence measurements of reflection coefficient 
by methods described above, oblique incidence measurements of the same 
have also been made [81, 82, 84]. However, according to Martyn [86] the 
oblique incidence absorption coefficient can be simply obtained from vertical 
incidence data by multiplying the latter by sec to where to is the angle of 
incidence of the wave at the absorbing region. Appleton, Beynon and 
Piggott [86] are of opinion that this simple rule requires some modification. 

Since, as already shown, log p^/log is equal to the ratio kJlko (or 
Ik^dhUkodh)^ a measurement of the former ratio enables one, with the 
help Eqs. (69a) and (61a) to ascertain whether the main absorption has 
taken place in the deviating or in the non-deviating region. Observations 
by various workers, as already indicated, show that during daytime, for 
reflections from E and F regions the absorption is chiefly in an underlying 
non-deviating region (D region). For night-time reflection from the F 
region, for wave frequencies well removed from the critical frequency there 
is little absorption either in the deviating or in the n6n-deviating region. 
As the critical frequency is approached, there is absorption and that in the 
deviating region [87, 88, 89]. These results are simply interpreted, because 
in the night-time the D region disappears and for frequencies close to the 
critical frequency, the wave penetrates deep into the deviating * reflecting ’ 
region. 
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6. ESTIMATION OF TIfB HEIGHTS OP MAXIMUM DENSITY 
OF IONOSPHERIC LAYERS ; ASSUMPTION OF PARABOLIC 
GRADIENT— THE • THICKNESS * OF A LAYER ; THE SCALE 
HEIGHT 


The 'poise* method of exploring the ionized legimis sdelds, as we have 
already seen, the so>oaUed equivalent height of reflection which is always 
greater than the true height. Near the penetration frequency, the equi> 
valent height may become enormoudy great, not giving any indication of 
the tme height of the level of wiftTimnt ti density. It is, however, possible 
from an analysis of the recorded (P*— /) curves to make an approximate 
estimate of the true height of reflection as a function of the wave-frequency 
[90, 91]. In practice, it is found expeditious to start by assuming that the 
ionization gradient has some simple geometric form. Quite simple analj'sis 
of the P*-/ records then yields not only the height of the maximum density 
but also other parameters of the ionized layer. 

Of the various possible distributions, the one with a 'parabolic ’ gradient 
near the maximum may be expected to agree most closely with the actual 
distribution according to the Chapman theory of simple layer formation. 
That this is so has been shown by Bydbeck [92], at least for Region 
Neglecting the effect of the earth’s magnetic field we can thus write 



where N, is the electron number density at any height y measured from the 
level of the maximum N.-.. . 

It will be shown in Sec. 10(6) that the constant H = kTfmg is the so- 
caUed scale-height of the atmosphere in this region. This simple relation 
holds good to within 6 per cent in the region between the levels H above and 
H below the level of 

Referring the heights to the ground level (Fig. 43) let 

Ajf— be the height of maximum electron number den 8 it 3 ', 

V — ^the height at which electron number density is N„ 
hff—Vbo height at which the electron number density begins to 
increase from zero ; this height may be taken approximately 
as lying at the level 2H below the height of maximum 
ionization, i.e., hjr = Aq-]- 2H. 


From the above, we may also define the 'semi-thickness* of the parabolic 
layeras Pa ss hjT— Xo ■* 217. 

Eq. (70) may now be written as 


iV 



(71 > 


(MT, if the heights y are measured from the lower ‘boundary* of the region, 
that is, from the level ho* 

.. .. ( 72 ) 
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Since the refractive index of the ionized medium at the level of iV, for a 
wave frequency / is given by - 1 we have, from Eq. (72) 




Fzo. 43. Fazabolic 
gradient of electron 
number density in 
the region of maxi- 
mum ionization. 


where is the critical frequency of the layer so that is equal to 

„ 2 /» _ SI 


Putting 
we get 


/*• = 1 — ay+6y*. 


This shows that /t is equal to zero for two values' of y given by 

g^^gZ— 46 




26 


(73) 


(74) 


Of these, the greater valne corresponding to the podtive sign before 
the radical may be neglected, for the wave cannot in general reach this 
height being reflected back from the lower height given by 

o— < 1 / 0 *— 46 
» 26 

The equivalent height V reached by the wave is thus given by 

t+2‘v/6 
-2<v^ 


^ y-iO 
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The above relation, in conjunction with the ionospheric data as obtained 
from (P'—f) curves enables one to compute the characteristics of the layer, 
namely, the height of the level of maximum ionization and the *semi-thick- 
ness’ of the layer. For this we may proceed as follows after Booker 
and Seaton [93]. 

Let us define a function 




!+///■ 

1 -///, 


SO that Eq. (15) can be mritten as, 

... .. (76) 

In order to determine the two unknown quantities and we 
require a pair of simultaneous equations derived from Eq. (76) with two 
different values of h' and These are obtained by ohoosiag two 

suitable points on the {P'—f) curve, noting the values of h' and fjf^ for these 
two points and calculating ^(///,) from the latter. For convenience of 
oaloulation a table such as given below may be prepared giving values of 
^ (///«) for a set of suitable values of///^. 


Table III 


///. 

0 ■ 

0*648 

0-725 

0-757 

0-834 

0-887 

0-901 


0-969 

4(//f.) 

—1 

-1 

-1 

-i 

0 

i 

B 

1 

1 


An inspection of^he table shows that for (///^) = 0*834, 4{flfc) “ zoro. 
This provides a simple method of determining the level of maximum ioniza- 
tion as Eq. (76) shows that in this case h' = h^. The equivalent height 
h' reached by an exploring wave of frequency / equal to 0*834/^ is thus 
equal to hjg, the height of the level of maximum ionization. To. obtain 
the oharacteristics of -an ionospheric region it is thus only necessary, (i) 
to measure h' for a frequency equal to 0*834 times the critical frequency 
of the region, and (u) to note the value of A' for the portion of the {P'—f) 
curve, where it is sensibly horizontal. The former gives the level of the 
maximum electrcm density and the latter the height of the ‘bottom’ of the 
layer Aq. The hemi-thiokness <ff the layer is obviously equal to Aj, — A q. 

Fig. 44 depicts the variation of virtual height with exploriiig wave 
frequency as obtained from Eq. (76), Le., the {P'—f) curve for a region of 
parabolic distribution of electron density. 

Booker and Seaton have extended their, analysis to records made during 
daytime when all the three regions E, Fx and Ft are present. The iono- 
q>here is then represented by a triplet of parabolas shown in Fig. 46. The 
coReqKHiding {P'—f) curves are shown in Fig. 33. (This distribution of 
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WAV£-Ffi£QUeNCY,f 

Pig. 44. BelatioD between virtual height and wave-firequency for reflection from a 
region of parabolic diatribution. (After Booker and Seaton.) 



AWWnONtt TO tuaiK»H>tMm^i^fi^ 


llg. 48. DtataibuMon of rteotwm number danalty in the E, antf Jj legiona derived 

flom«M(l^---y)aarveeiring.SSon«heaaMBip<i<)nofpanb(fliogradient. (After 

Booker and S ea t o n .) 
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ionizatioo nay be ocmpared ndth the distribution obtained theoretically 
by Bhar as depicted in Fig. 66.) 

An alternative method of utilising (P'— /) curves f<xe determining the 
layer characteristics, on the assumption of a parabolic gradient, has been 
suggested by Appleton and Beynon [94]. 

We note from Eq. (76) that the relation between A' and 




fc+f 

fc-f 


is a linear one and that the slope of the straight line obtained by plotting 
these two quantities gives (Fig. 46). The point where the straight 
line outs the A' axis thus gives the value of Aq. 



Fio. 46. Appleton and Bejmon’s mettiod of deteimining Hq (height of the bottom of 
the layer) firom the linear relation between h* and ) • 


It should be emphasized that all the above conclusions are based on 
the assumption of parabolic distribution of electron density and since, as 
already pointed out, the parabolic law holds only over a very limited range 
on eithor side of the maximum electron density, it follows that for accurate 
determination of Aq one should utilize only the portion of the 

(P'—f) curve near the critical penetration frequency. 

Acc(»ding to Booker and Seaton [93] for the region below the maxi* 
mum, the parabolic law holds down to the level at which the electron density 
is about 20 per cent of the nutTimum . This means that for the above 
calculations, the [P'—f) curves can be utilized down to a frequency equal 
to 0*447 times the critical penetration frequency. 

Appleton and Beymm [94] are, however, of opinion that one should 
not use the {P'—f) curves for frequencies below 0*9 
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In the detmnination oi Hq foe aa ionized layer one has to allow for 
retardation by underlying layers, if any. For instance this correction for 
Region F fat aa nnderlying E layer of semi-thioknees should be 



idiere/l andf^ are the ordinary ray critical frequencies for Regions and 
F reqiectively. 

Since yji a 2H ib 2kTlmg) involTes the temperature and mean mole- 
cular weight of the constituent gases in the ionospheric region concerned, 
determination of y. is of considerable physical impwtance. Apart from 
this, a knowledge of the layer parameters ho and y« is of great value in 
determining theoretioally the charaoteristios of long distance radio communi- 
cation such as, range, mazimum usable frequency. These will be dis- 
cussed in Sec. 0. 

As already indicated the above results hold good only for a limited 
portion of the Chapman region near its maximum ionization. ?or the 
complete Chapman region, corrections to the layer parameters derived by 
Pierce [95] and given below may be used. 

^-oeoy,, 

where the subscripts C and p refer to the Chapman and to the parabolic 
distribution respectively. It is to be noticed that the corrections have 
reduced the height of the maximum density and increased the value of the 
semi-thickness. 

7. GOLLISIONAL FREQUENCY OP ELECTRONS WITH ATOMS 
AND MOLECULES IN THE IONOSPHERIC REGIONS 

(a) Introduction 

We have already mentioned that collisions of electrons and ions with 
the gas particles cause absorption of radio waves passing through the* 
ionosphere. The process of absorption is as follows. The advancing wave 
sets the electrons and ions in vibration and in doing so necessarily spends 
energy. In the absence of collisions (i.e.9 if the average interval between 
successive collisions is large compared to the period of the wave) this 3nergy 
is restored to the advancing wave by the vibrating electrons sending out 
coherent radiation. If, however, there be frequent collisions within a 
complete period of vibration of the electron then, the absorbed energy is not 
so restored. The radiation from the electrons due to sudden and random 
changes of the momenta is of a scattered naiture and is lost so far as the 
adyancing wave is concerned. There is then absc^tion of energy from 
the passing radio wave. 

X7 
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The amount abaocption thus dqpendaupim the ficequent^ of ooUidoiu 
end this in its turn, upon the oross-seotions of the odliding psrtioles. The 
wiAAnfag of the term oross-seotion, ss applied to atoms and moleoules having 
a very open structure of eleotrio charges, should be clearly understood. 
Evidently, a structure like this cannot have a irell-defined oroes-seoticni 
in the sense in which the term is used in the gas kinetic theory. In fact, 
the value of the cross-section depends upon the velodty and the nature of 
the reaction taking place between the colliding partiolbs.- The orOss-section 
(Or producing ionizatimi, for instance, is different from- that for excitation 
w from that fmr elastic collisimi. The req>ecUve cross-sections fw the 
above processes can be determined by quantum mechanical methods. 
For elastic collision in particular, with which we are concerned here, it has 
been found, both theoretically and experimentally, that the cross-section 
is not a constant quantity, but is d^ndent on the velocity of the colliding 
electron. In <nder to calculate the collisional frequency, it is, therefme, 
necessary to know how the cross-sections of the atmospheric constituents 
vary with the energy of the oollMing electrons. It may be mentioned that 
experimental and thecnretical data are available for the cross-sections of 
Of and Ns, [06, 98]. For O, theoretioal calculations have been made [97]. 
Such reinilts are, however, not available, for the correqionding positive ions. 


(6) Theoretical Considerations 

The collisional frequency r obviously depends upon the mean thermic 
velocity (9) and the mean free path of the electron (1,) in the gas. We have 


9 



The expression for 9 may be taken as 

9 = VSkT/wm .. 

Also, if may be obtained from the relation 

, 1 1 
* nna»~nA 


.. (77) 

.. (78) 

.. (79) 


where n is the number of atmospheric particles per cm.* and ira* is the 
particle cross-section A. The average value of tiie latter, as obtained from 
visoodty experiments in air is of the order 7 x lO'ts cm.* 1, has also been 
obtained experimentally. Thus, according to Townsend and Tizard [100] 
and Elias [101], 1, ccnrespmiding to a temperature 0**G. is approximately 
given by I, == 3*2 x 10~* x 1/P cm., where P is the pressure in mm. (rf 
Bg. More recent measurements [99] give the value of oorzesponding 
to a temperature 15*T!. as 5-4 x 10~* x 1/P. 

Snowing the temperature and pressure in the region oonoemed, we 
oan tiierefine calculate 9 and also I, and hence estimate the odlirional fie* 
i|nenoy. Thus caloulated the odliaimi frequencies of electrons in the E and 
Eg regions are found to be ofthemder 1*4 x 10*/seo. and TO/seo. respectively. 
Of these two values the value for regi<m E 'well with tiiat detemnined 
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Fxo. 47. Variation of 
the coiliaional oroM- 
section of Ng for elastio 
collision with electrons 
of different energies. 
(After Fisk.) 


from radio measurements {vide infra), ^ For Region F 2 , however, the 
value is widely different. This discrepancy is to be traced to the fact that 
the gas kinetic cross-section (as assumed in the above calculation) doesi not 
represent the actual cross-section involved in the collision. As already men- 
tioned the cross-section depends upon the energy of the colliding electron. 
When this is taken into account the discrepancy disappears. In what follows 
we shall discuss this aspect of the problem of oollisional frequency in Regions 
E and F. 

Figs. 47, 48, and 49 depict the variations of the cross-sections of K 2 , 
O 2 and 0 respectively for elastic collision with electrons of different energies. 
For N 2 and O 2 both theoretical and experimental curves are given. For 0 
Only the theoretical curve as available is given. As already mentioned 



Fxo. 48. Variation of 
the oollisional cross- 
section of Of for elastle 
collision with electrons 
of. different eneigies. 
(After Fisk.) 


(which is a function of the cross-section) has been determined experimentally 
for air, that is mixture of Nf and Og. 
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For calculating v in Region E we have the following data: 


Region E (100 km. kvel) 

Number denaity of Nj 
Temperature 
Cross-section of N^ 

(from Fig. 47) 

Collision frequency 


2-8 X lOW/cm.* 
300"K. 

20 atomic units. 
1'8 X lOVsec. 


In the above calculation we have neglected collisions with Os. This is 
because while the cross-section of Os is approximately the as that of Ns 
its number density is in all probability small compared to that of Ns. The 
number density of 0 is also assumed to be small. If instead of the cross- 
section from Fig. 49 we use the value of the mean free path as obtained from 
experimental results of Huxley and Zaazou [99, 99a] we get the value of v to 
be 7 X 10*/sec. for the bottom of Region E (height 88 km. ). These values are 
in substantial agreement with those obtained from cross-modulation experi- 
ments {vide infn). However, the agreement with the value as calculated 
fiom the consideration of the gas kinetic cross-section is accidental rather 
than real, because, the gas kinetic cross-section happens to be of the same 
order as that of the actual cross-section for collisions with slow electrons. 
Generally the two values are different. This, as shown below, is for the case 
of atomic oxygen. 



Fio. 49. Variation of 
the ooUisional oross- 
aeetion of O for elaatio 
collision with electrons 
of different energies. 
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Region F (250 km. level). 


Number density of O-atoms 
Temperature 
Cross-section of 0-atom 
Collisional frequency 


2'5xl0®/cm « 
1000®K. 

1060 atomic units. 
I*6xl0*/sec. 


In calculating the collisional frequency we neglect collisions with N 2 . 
This is because the collisional cross-section of N 2 at lOOO^K. is much less 
than that of 0 and its number density in the region under consideration is 
comparable to that of the 0 atoms. The value of v thus obtained agrees well 
with the value 2x 10^ per second obtained from radio measurements. The 
discrepancy, when the calculation is made with the gas kinetic cross-section, 
is now seen to be due to the fact that the effective ‘elastic’ cross-section 
calculated quantum mechanically is about 53 times the gas kinetic cross- 
‘section. 

For lack of data it is not possible to calculate the frequency of collision 
between electrons and the positive ions N 2 +, 02*^ and 0+. Since there 
are reasons to believe that in the upper atmosphere they exist in much 
smaller proportion than the neutral molecules and atoms, their contribution 
to the collisional frequency may not be important. 


(c) Experimental determination of collisional frequency 


(i) From the phenomenon of interaction of radio waves {I/axemhourg 
Effect). — Region E: The phenomenon of cross-modulation in the ionosphere 
as a result of interaction of radio waves, offers a very interesting method of 
estimating the collisional frequency' of electrons in Region E. This will be 
discussed in Sec. 15. 

(ii) From measurements of reflection coefficient and (P* — f) curves . — 
Region F: An estimate of the collisional frequency in Region F can be 
made from observations on its reflection coefficient for wave frequencies 
not far removed from the critical frequency. The absorption in this case, 
as already mentioned [Sec. 5(6)], occurs in the deviating portion of Region F 
and the method of measurement consists in measuring simultaneously the 
equivalent path and the relative intensity of the reflected wave [102, 103, 
62]. 

If we make the reasonable assumption that in Region F, and 

that {cklp)^<^iA^, then we have [Sec. 5(6)] 





.. (80) 


For the ordinary wave, in the deviating region (p^l), the propagation is 
of the quasi-transverse type and therefore 


X->a 

F-P 


1 


( 81 ) 
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Sttbctitutiiig these values in £q. (to) and remembering that oc ~ 
and p m pv/po*, we get, 



(In Region F, vs 10* per see. and p is greater than 2yrX3x 10*, so that 
the assumption v*^p* is justified. It can be easily seen that the condi* 
tion {ck/p)^^p*^l is satisfied for values of as low as 10~* and the 
above ez}«ession is valid up to the corresponding level.) 

It can be seen from Eqs. (6S) and (82) that 

log - j rfA - - ~ (P.'-P.) . . . . (83) 

whwe, as before, P/ is the group path and P, the optical path of the ordinary 
ray. In observations as are being described here, the echo is much group 
retarded, i.e., P«'^Pa. For the case of the ordinary wave, therefore 

lo8P.--|^»' (8*) 

A linear relation thus holds between log />» and Pg\ Hence, if simultaneous 
observations are made of po and P/, v may be determined from the slope 
of the curve (log po—P»% 

It is also possible [104] to estimate v from the observed {P'—f) curves 
even when P« cannot be neglected in comparison to Po'. 

Let pi, Pi, Pi and pt, Pt, Pt denote the values of these quantities 
for the ordinary wave on two different frequencies fi and ft respectively; 
we can then write from Eq. (83) 

fi log Pi - - ^/i(Px'-Pi) (86) 



/- fmQUiNcr 
fto. 60 . 
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(86) 

Subtracting 

7ilogpj-/,log,,,-^[(P,'/,-Pi'/i)-{P^,-P^,)] .. (87) 

In Fig. 60 AB represents a portion of the observed (P’S) curve and the 
group paths Pi', Pt (xnrespond to the two wave frequencies/} and/^. Then 

Pf/t— Pi/i, which can be shown to be equal to i P'd/, 

•'a 

is represented by the area ABf-J% and the quantity Ptft—Pifi is given 
by the area Pi'P/i/jilP*'. Thus from Eq. (87) 

/i log Pi -A log /»2 - ^ [»«>* Pi'BfiftAPt'-axeh ABfift) 


so that 


■■ ^ [shaded area Z] ; 


„ AlogPi-Alogp, 

yma 2C* * = =• 

areaZ 


• t 


( 88 ) 


Thus, if we determine the reflection coe£Scients of the ordinary ray on two 
frequencies, we can estimate the value oi v from the (P'—f) curve with the 
help of the above relation. 

Farmer and Batoliffe [82] have estimated v for Region F by this 
method and have found its value to be of the order 1*2 x lO^/sec. 

Region E : For Region E, the changes in p and in group path and 
optical path are difficult to determine near the penetration frequency. 
Nevertheless, Briggs [83] with an improved type of ionospheric apparatus, 
has been able to estimate v aUx the height 130 km. and has obtained tbe 
value 2xl0*/sec. 


8. MEASUREMENTS OP POLARIZATION AND DIRECTION OP 
ARRIVAL OP DOWN-COMING WAVES 

Various, types of apparatus have been devised for studies of both polar- 
ization and direction arrival of down-cmning waves [106, 106, 107]. We 
will describe here the principle of a simple device duV to Eckersley and 
Farmer udiich enables one to determine the polarization, and, at the same 
time, with a dig^t modifloathm, the direction of arrival the down-coming 
waves [108]. It can be used for the study of 'pulsed' echoes and embodies 
certain imiwovements over the polarizatirm apparatus which had been 
devised earlier. 
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Two pairs of loop aerials— one north-south (N-S) and the other east- 
west (E-W ) — arranged as shown in Fig. 61, are used in conjunction with 



Fio. 6 1 ; Armngeinent of loop 
aerials for measurementa of 
polarization and direction 
of arrival of down-coming 
waves. (After Eckersley 
and Fanner). 


two similar matched amplifiers (Fig. 53). 

For polarization measurement, the N-S pair are coupled in parallel 
to one of the amplifiers and the E-W pair to the other. The outputs of 
the amplifiers are connected in the usual manner to the two pairs of defiect- 
ing plates of the C.R.O. If the incident wave is in the vertical direction 
then it is easy to see that the two pairs of aerials will behave as a single pair 
of crossed loops. If the two amplifiers are properly aligned, (i.e., if equal 
phase change is introduced between the input and output, and the amplifica- 
tion in one is exactly the same as that in the other), the spot on the C.R.O. 
screen will depict the actual polarization ellipse. In the case in which the 
waves arrive obliquely, there is a phase difference between the two frames 
in parallel. Account is taken of this in calculating the relative amplitude 
of the two fields. It is, however, to be noted that the phase relation of the 
two components of the polarization ellipse is not affected in any way even 
for oblique incidence. 



Fio. 62. Matched amplifiers and cathode-ray oscillograph used with the aerial system 

of Fig. 61. 
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For measurement of the direction of arrival we note that a down- 
coming wave, unless it is in the vertical direction, will, in general, arrive 
at the four loops at different instants and thus with different phases. For 
the special case when the plane of incidence is N-S (or E-W) the phases at 
the E-W (or the N-S) loops will be the same. The direction of arrival of the 
down-coming wave is thus determined if the phase relations between the 
N-S and the E-W frames are separately known. For this determination the 
N-S and the E-W aerials are alternately connected (via the two amplifiers), 
in quick succession, to the two pairs of deflecting plates of the C.R.O. In 
sjmchronisation with these alternations the cathode ray beam is deflected 
sideways by a pair of magnetic coils suitably placed. Two separate ellipses 
are thus produced. One of these indicates the phase relation between 
the N-S frames and the other that between the E-W frames. From these 
data the direction of arrival of the down-coming wave — both its elevation and 
azimuth — ^is completely determined. 

The most important part of the experiment is the careful lining-up of the 
two amplifiers before commencement of the observations. This is done by 
picking up radiations from suitably placed aerials energised by local oscil- 
lators. Each of the frame aerials is also carefully aligned relative to its 
feeder, so that spurious pick-ups are not transferred to the frame. For 
fuller details the original paper should be consulted. 

As mentioned earlier, the apparatus is suitable for the study of ‘pulses'. 
Further, the apparatus can select a small element of any particular echo for 
study. This is achieved by means of an ‘echo-selecting ' device which keeps 
the C.R.O. de-sensitized for most of the time except only for very small 
periods of 15 fi sec. By means of suitable phasing circuits, the small active 
periods are made to coincide with those of the arrival of the particular echo 
of the pulse pattern which it is desired to study. 

The authors have used the apparatus successfully for the study of 
various types of ionospheric echoes. In particular, they have studied the 
scatter echoes on high power transmissions (see Sec. 13(c)). These echoes 
are very short-lived and their characteristics change so rapidly that they 
cannot be followed by the usual manual methods. 

9. APPLICATION OF IONOSPHERIC DATA TO RADIO 
TRANSMISSION 

(a) Introduction 

Records of routine observations made at the ionospheric observatories 
supply the following data for normal incidence of the exploring waves on the 
ionized layers: (i) the equivalent heights of the layers fdr all frequencies on 
which reflections are obtained, and (ii) the critical frequencies of the various 
ionized regions [Vide infra, sub-seo. (d)]. From these data for normal inci- 
dence, the following characteristics for oblique incidence, for a given fre- 
quency of transmission may be obtained [94, 109, 110, 111]: (i) the maximum 
usable frequency (MUF) for transmission over a given distance D at any 
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time, and (ii) the ekip distance DgUp for a given frequency. These 
characteristics are of extreme importance in the determination of the most 
suitable wave-lengths for long distance communication over a given path. 

In England the Radio Research Board publishes the maximum usable 
frequency data as curves giving the relation between the maximum usable 
frequency factor fc ^ vertical incidence critical fre- 

quency) and the distance of transmission D for appropriate ranges of 
the parameters and ho [94, 109]. is the semi-thickness of4he ionized 
layer assumed to be of parabolic density distribution and ho is the height of 
the * bottom’ of the layer from the surface of the earth (Sec. 6).) 

In Washington, at the National Bureau of Standards, the maximum 
usable frequency and the skip distance for each frequency are represented 
graphically for different hours of the day. These are determined by a 
graphical method due to Newbern Smith [110]. 

In what follows we will first describe the theory of drawing the curves 
after Radio Research Board, England. The graphical method of Smith will 
be briefiy outlined later. 

(b) Radio Research Board, England (Appleton and Beynon’s 
method) 

In the theoretical determination of the maximum usable frequencies 
it is convenient to consider separately two cases; (i) Distances within 
600 km., for which the earth may be considered fiat, and (ii) Distances 
greater than 500 km., for which the earth’s curvature has to be taken into 
account. For each case two types of ionization gradient has to be considered. 
First, sharp ionization gradient (thin layer) and secondly low ionization 
gradient (thick layer). The first is applicable to reflection from E, sporadic 
E and Fi layer. In this ideal case the ray does not penetrate into the layer. 
The second case holds for reflection from layer when a considerable part 
of the ray path lies within the layer (case of thick layer). 

(i) Flat Earth — Thin layer. For the case of flat earth and thin 
la}' er the maximum usable frequency and the skip distance can easily be 
calculated geometrically. This case is practically realized when the distance 
of transmission is less than 500 km. and reflection takes place from a 
sporadic E region, say. 

Neglecting collision and the effect of the earth’s magnetic field, the 
maximum frequency/' which can be reflected from the layer at an angle of 
incidence i© is given by 

( 8 ») 

where — ^the frequency for which the refractive index of the medium 
becomes zero at the top of the trajectory, i.e. the critical firequenoy 
of the layer at vertical incidence, 

No — ^maximum electron number density of the layer. 
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From Fig. 53 we have 


, . D 



Fio. 53. Transmission path for 
the case of reflection from a thin 
ionized layer (flat earth). 


'vrhere D is the distance of transmission and the height of the layer. 
Also, from Eq. (89) 


tan^ to = 


1— — 

1 

Jf 


Therefore 


/'* Z)*+4V 


(90) 


Eq. (90) gives the maximum frequency which may be used for a given 
distance or alternatively, the minimum distance (i.e. the skip distance) 
up to which a particular frequency can be used. If we now write for 
the MUF and Dskip fo^ the skip distance we have 


and 


J max 4^0* 


.. (91) 
.. (92) 


(ii) Flat Earth — Thick layer. — Calculation of MUF when the reflecting 
layer is thick is necessarily complicated, because the ray follows an unknown 
curved path through the layer. Theoretical expressions may however be 
deduced if we assume some simple idealized variation of ionization with 
height. The case of parabolic gradient has been worked out and it can be 
shown that 

2>«y..*.8into.log.i±f^«+2;ioton»o .. .. (93) 

1 —a? cos to 

I 

where D is the transmission distance and x ss (see Fig. 54). 

For a given value of x the distance D will be a minimum for the value of 
to as given by 

^ “ y- • • log. “2 tan* »o ”*0 J +2*0 - 0, 
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or, 

'where sr' 


2 tan* t'o 



» cos 




1 


7+2. 


(94) 


A 



Fiq. 64. Transmiasion path for the 
case of reflection from a thick 
ionized layer (flat earth). 


The value of to obtained from this equation evidently represents the 
minimum angle of incidence for a \irave of frequency /'(=sa/^) to be 
returned by the ionosphere. In other words /' is the maximum usable 
frequency for the angle of incidence to* 

The distance D corresponding to the angle of incidence to> i.e., the 
distance for which f is the maximum usable frequency under particular 
ionospheric conditions can now be obtained from Eq. (93). Obviously, this 
is the minimum distance Akip of transmission for the frequency and to 
evaluate this, Eq. (93) shows that and Iiq are required to be known sep- 
arately; or, for a given ratio y«i/Ao suffice to know the value of the 

quantity y.+Ao* Curves may be drawn depicting the relation between 
f^ikip x{ */ maximum usable frequency factor, with diff- 

erent values of y«+Ao ( ^ ^m) for a series of values of the ratio 

The above results'may also be represented in a slightly different manner. 
The ratio may be plotted against the ratio y^lK with different 

values of for given distances of transmission. Complete sets of such 

curves have been drawn by the Radio Research Board, England, and are 
being used for computation of MUF for long distance radio communication. 


(iii) CVBVSD Earth — Thin layer . — ^If the earth is considered flat then 
it is obvious that as the angle of incidence of the wave is increased the skip 
distance will also increase until it extends to infinity. If, however, the 
curvature of the earth is taken into account, the skip distance , cannot 
extend to infinity but attains a maximum value when the ray leaves the 
transmitter tangentially to the earth. 

Let 20 be the angle subtended at the centre of the earth by the trans- 
mission distance D (Fig. 55). We have 

JD-i2J?0, (95) 

and • 

cos 0)> 

"" (ho+B-^JR cos 0)*-h jR* sin* 0 ’ 


cos* t'o 


• • 


.. (96) 
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Under the condition of maximum U^iip, 9 is a maximum and is given by 


— since ^<1. 



It is thus seen that 0 is always very small. We may, therefore, write 


a 1 max 1 "U 

co««-l- — -1-^ 


or. 



R 


and 

[(D*lp)m«P - - SJJAo. 

It can also be shown easily that 



.. (97) 

.. (98) 



Fzo. 56. Variation of maximum 
uwble frequency factor with trazie- 
mianon range for curved earth and 
thiu ionized layer. 
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In the case of a flat earth, S is infinite and this reduces to 

J max J* tij 


.. (91) 


Fig. 66 depicts the relation between and Z> as obtained from 

£q. (08) for two typical values of Aq* viz., 110 km., and 300 km., corres- 
ponding to Regions E and Fa respectively. 

(iv) Curved Earth — Thick layer . — In this case the transmission 
distance consists of two parts: 2>i corresponding to the path of the ray inside 
the ionosphere (which may be called the part-range) and corresponding 
to the path of the ray outside the ionosphere. This is shown in Fig. 57. 



Fro. 67. Traasmission over a 
curved earth by ‘ reflection* from 
a thick ionized layer. Uj, part- 
range, is the projection- on the 
surface of the earth of the part 
of tbo ray path inside the ionizea 
region. 


It can be shown that the total range D is given by. 


•R+Do 


8in»o.a:.y«.log. 


1 “"af® shi* t’o+a: cos to 
ii+«o 


1-a:* 


Vm 


L' R+V 


sin< t'o— X cos t’o 


-f2R cotto— 2E 2'^ 


*0 


.. (99) 


It is convenient for practical purposes to have curves showing the 
relatipn between / *„„ //, and D. For this purpose it is practicable to 
first use Bq. (94), which is appropriate for the case of a flat earth, for obtain- 
ing directly the value of i^ for a given value of x. For this value of 
Iq, Di and are found firom Eq. (99) remembering its first term is equal 
to Di and second term to Dg. x is then plotted against the total range 
as shown in Fig. 68, enabling one to read directly the ma xi mum 
usable tequenqr. It is, of course, to be understood that the values of y„ 
and ko van known firom the ionospheric data. The computation of ig from 
Bq. (94) for the case of a flat earth naturally involves some error. But 
it may be shown that this is not more than 2| per cent. This error may 
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be tolerated in yiev of the yarious simplifying assomptions made in the 
analysis. 



Fie. 68. Viuiatioa of the maxi, 
mum usable frequency fitoior 
with tranemiation lange for a 
eurved earth and a thick ionoe* 
idtere. 


For yeiy long distances, Di may have values as large as 1,200 km. 
and may include sunrise and sunset condition; the results cannot then be 
accurately applicable over the transmission path. The application of the 
result also becomes difficult for the case of very long distance transmission 
involving multihops. 

It should be remembered that the computation of the theoretical curves 
is based on the assumption of a parabolic gradient of ionization in 
the region of maximum density. In determining the maximum usable 
fi^quency at a given time the values of and hg (characterizing the 
parabolic distribution) used in the calculation must be those appropriate, 
for the region of the reflecting layer midway between the Seilding and the 
receiving stations at that time. G^s is rarely practicable. Further, for the 
purpose of computation one has to forecast the probable values of and Ag 
from past collected records over a sunspot cycle (vide infra). 

(e) Smith’s- method (National Bureau of Standards, Washington) 

We will now describe another method of determining the maximum 
usable frequency due to Newbem Smith [110] and used in the National 
Bureau of Standards, Washington, since 1936. The method is purely 
grairihical and enables one to compote the MDF directly from the observed 
vertical incidence (P'— /) corves. 

Li describing this method -we shall only indicate ^ principles on 
which it is based considering the sim^est case of a flat earth and no 




UPPER ATMOSPHERE 


OHAP. VI 


iMA gnAtin field. For the oiore oomplioated oases in which the onnratiire 
of the earth and of the ionosphere cannot be neglected, the reader is refinred 
to the original papers [109, 110]. 

We have already seen that in the case of a thin layer, the equation 

ft at . 

<■"> 

gives the relation between the maximum oblique incidence fiequeni^ /' 
and the distance of transmission D, where and Aq is 

the height of reflection of the ionized layer. In the case of a thick layer, 
however, the incident wave penetrates into the successive strata of increasing 
ionization and, therefore, one has to distinguish between the actual and the 
virtual heights of reflection. 

It has been shown in Sec. 4(e) that if a wave incident vertically on the 
ionosphere is reflected from a point from which a wave at oblique incidence 
is also reflected, then the virtual heij^ts reached by the two waves are the 
same, assuming a flat earth [69]. 

Let a wave of frequency/' incident at an angle »o ba reflected from the 
point 0 in the ionosphere (Fig. 66) tmd returned to earth at a distance D 
from the transmitter. Let the virtual height be 

Then we have as before 

tan*o-^ 

B* \—{*lft f% 

and therefore, y * 

deflnes the value of electron number density at-the actual height of reflec- 
tion as distinct from that at the virtual height. 

Tranmiaaitm curves. — ^Let us now consider transmission over a given 
distance D with a wave of frequency /'. With the help of Eq. (103) we 
may draw a curve depicting the relation between A, and / for these values 
of/' and D. Any point (A,,/) on this curve means that a wave of frequency 
/' incident obliquely on the ionosphere will be transmitted over distance 
D if its virtual heij^t of reflection is A, and if the ionization distribution 
in the ionosphere is such that a wave of frequency / incident vertically 
would be reflected from the same virtual height A^. This frequency is 
called tUe efuivaiUnt normal ineidatee freqtieney and the (A,—/) curve is 
called a trgasmiasion curve, as it depicts conditicms necessary for transmission 
for the given distance and frequency. 
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Let us now consider an experimental (& — /) curve observed at normal 
incidence. A point (&',/) on this curve means that a frequency/ is reflected 
back normally from the virtual height h\ If the transmission curve for 
the given distance D and frequency f is such that for the same value of 
virtual height {hp s V) the equivalent normal incidence frequency happens 
to be equal to/, then and then only can the wave of frequency be reflected 
at the height hp and transmission over the distance D is possible. In other 
words, if the transmission curve for a frequency f and distance D and the 
observed {V—f) curve have a common point, it signifles that transmission 
is possible under the existing conditions of the ionosphere with a wave 
frequency /' over a distance D. If the curve observed at a given 

time and the (hp—f) curve do not intersect at any point it shows that the 
ionospheric conditions at that time are such that transmission over a 
distance Z> on a wave of frequency f is not possible. Let us now draw 
a number of curves for increasing values of f and a given D and superimpose 
them on the observed (V—f) curve. It will be seen that up to a certain 
value of f\ the Ohr^f) curves intersect the (V—J) curve, but beyond this 
value the {hp — f) curves pass away from it. Evidently then, this particular 
value of /' is the maximum usable frequency for transmission over the 
distance D under ionospheric conditions depicted by the observed (V—f) 
curves. 

ApproximaJte pra/Uical method of obtaining the maximum usable frequency 
—The above method of finding the maximum usable frequency is obviously 
very laborious. A simpler and quicker method may be adopted as follows 
for the case under consideration (no magnetic field, flat earth). We have 
the equation 

/ = /'oosio (104) 

Instead of drawing the (Ar— /) curve for a given /' and D we may plot hp 
against cos to for a given D from Eq. (101). Since for a given /', / bears 
a constant relation with cos such a curve may be made to represent the 
transmission curve for the distance D for a particular frequency f provided 
that to each value of cos «o assign a value of / appropriate to f given 
by Eq. (104). Alternatively, we may easily ascertain to what frequency 
/' the curve pertains if the value off corresponding to one particular value 
of cos <0 is known. 

This principle is utilized for rapid calculation of the maximum usable 
frequency. The procedure may be outlined as follows. 

Let us take the two curves on identical semi-logarithmic paper (Fig. 59) : 

(1) An observed (A—/) curve with / plotted logarithmically jnd V 
linearly. 

(2) An (A^cos Iq) curve, satisfying Eq. (101) for a given value of D with 
cos plotted logarithmically and A^ Unearly. 

Note that and V are plotted in the same scale. 

Superimpose curve (2) on curve (1) taking care that points of equal 
ordinates of the two curves coincide, that is, the A^-axis falls on the A^axis 
with their origins coinciding. 

i8 
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Flo. 60. Illustrating the graphical method of determination of the maximum usable 

frequency. 

Let US suppose that the two curves cut at the point Aj, fi on the (V—f) 
curve. Let the co-ordinates of this point on the (Av — cos *0) curve be Ai, 
cos 1*1. If we now let the (A« — cos to) curve represent the transmission 
curve for an oblique frequency/' such that fi is equal to /' cos ii then since 
the abscissae of both the curves are plotted logarithmically on the same paper, 
the abscissae of the (A — /) curve will exactly represent also the abscissae 
(equivalent vertical incidence frequencies) of this transmission curve. 

Let us now shift the (A^ — cos to) curve towards increasing / so that it 
just touches the (A'—/) curve. Let this common point of contact be A', / 
on the (A'—/) curv^ and Av, cos to on the (A^ — cos to) curve. This latter 
curve will now represent the transmission curve for the distance D for a new 
frequency /' equal to //cos iq ; as before, the /-co-ordinates will be common 
to both the (A '— /) curve and the transmission curve. A further shift of the 
(hp — cos to) curve towards the right would ti^e it away from the (A'—/) 
curve. Thus /' s^Z/cos t'o represents the maximum frequency for oblique 
transmission over the distance D. Obviously /' is the value of / on the 
/-axis corresponding to cos to 1 . 

The method of practically ^termining the maximum usable frequency 
for transmission over a given distance D may thus be summarized as 
follows. — 

(i) Plot the virtual height-frequency (A — /) curve with data obtained 
fix>m vertical incidence experiments on semi-logarithmic paper, A' being 
plotted on the vertical linear axis and / on the horizontal logarithmic axis. 

(ii) Plot (Av — cos to) curve for the equation 
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or, 


008 io 


K 



hp being plotted on the vertical linear axis and cos to horizontal 

logarithmic axis. 

The two curves are to be plotted on the same type of paper. 

(iii) Superimpose curve (ii) on curve (i) so that the Vaxis falls on th 
Ji'-axis with their origins coinciding. Shift (A® — cos t’o) curve horizontally 
until it just touches the (A — /) curve. 

(iv) Bead the frequency / on the horizontal axis corresponding to 
cos to a 1. This frequency is the maximum usable frequency for trans- 
mission over the distance D under ionospheric conditions represented by 
the observed (A'—/) curve. 


(d) Ionospheric Predictions 

For the proper maintenance of world radio communication it is very 
necessary to know well in advance the Maximum Usable Frequencies for 
the different ionospheric layers {via which the transmission may take place) 
between the two distant communicating points on the earth. Such MITF’s 
may be calculated by any one of the methods described above if one is able 
to predict beforehand the ionospheric characterstics of the corresponding 
layers for vertical incidence. Methods have been devised for making such 
predictions and are briefly described below: 

(i) Predictions for E and Fi regions . — ^For short distance (that is, up to 
2000 km.), and during day-light, transmission generally takes place via 
£-layer and occasionally via Fi-layer. Predictions for these layers are 
comparatively easy and accurate on account of the regularity with which 
the average values of the characteristics of these layers vary with the hour 
of the day, the season of the year and also with the solar cycle. The first 
step is to predict the characteristics for vertical incidence at the point 
midway between the transmitting and the receiving station. This is done 
as follows : 

The probable average noon-time value for the month of prediction is 
first determined firom the history of the layer for the previous solar cycles. 
Next, from this noon-time value, the diurnal variation is predicted knowing 
the trend of such variation for the particular season and for the relevant 
phase of the solar cycle. This latter is obtained from representative v^aria- 
tion curves drawn on the basis of past observations [112]. Fig. 60 gives 
after Naismith, the predicted noon values of PEt and pFi at Slough, 
England. 

Since the characteristics of these regions closely follow the \/oo8 x 
law, world contour charts (v&Ze infra) for the penetration frequencies are 
easily constructed. From the values obtained from these charts and from 
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the corresponding MUF factors, the maximum usable frequencies may be 
computed. 

Mc/s 



Fig. 60. Calculated variation of monthly average midday critical frequencies, 

andf^JE for the period 1040-54. The data are for Slough, England. The conti- 
nuous portions of tho curves are based on observed sunspot data and the broken 
line portions on predicted values. (After Naismith.) 

• —observed monthly average midday 
o —observed monthly average midday 

(ii) Predictions far F 2 ~Tegion . — Most of the long distance conununications 
are carried out via Et and layers. Predictions for the former are difficult 
and are more or less empirical. Predictions for the latter are also difficult 
on account of the irregular nature of the diurnal, seasonal and solar cycle 
variation of its characteristics. Nevertheless, predictions have been made 
possible by the availability of the records from a fairly large number of 
stations (64 in 1950) established during World War II and still continuing 
their observations in the different parts of the world. 

The vertical incidence characteristics (i.e., the critical frequencies 
and the MUF factor, which latter is a function of and at the predicting 
station, may be obtained in advance either graphically, as is done at the 
National Physical Laboratory, England, or computed as at the National 
Bureau of Standards, Washington. 

At the former, the monthly meaii values for a particular hour or the 
monthly averages of 24 hours are computed from past data and a graph is 
drawn showing the variation of each of these values from one month to 
another for a complete solar cycle. Monthly average values for the solar 
oyole under consideration are plotted in a similar graph. From ohe trend 
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of the curve of the previous solar c^'cle, the second graph is extrapolated 
and predictions are made three months in advance. 

In the method adopted by the National Bureau of Standards, Wash- 
ington, the annual running average value of Region F 2 critical frequency 
for each hour is computed, and the mean trend from year to year is deter- 
mined as a function of the Wolf number (see Appendix, Sec. 8). From the 
yearly values so obtained seasonal values are computed with the help of 
seasonal coefficients calculated from past data. Finally, the monthly 
mean values are obtained from the seasonal means with the help of the 
monthly coefficients calculated also from past data. 

(iii) World Contour Charts . — ^For the purpose of world prediction it is 
necessary to know the and the MUF factors in advance for points 
all over the world. As already indicated, this has now been made possible, 
thanks to the establishment of a number of stations in the different parts 
of the world. The representative data for the various latitudes and longi- 
tudes are obtained by extrapolation from the recorded data at these stations 
[113]. 

However, as the F^ characteristics show tnarked longitude effect (see 
Sec. 11) it is not possible to carry out extrapolations over long distances 
from the observing stations. Hence, predictions are made in sections for 
limited zones of the earth (see, however Ref. [113a]). It has been the 
convention to divide the world into zones with reference to the meridian 
passing through the geographic and geomagnetic poles and also two 
intermediate zones contained within longitudes ±60^ of the same. The 
predicted world values of the vertical incidence characteristics, the PF 2 
and the MUF factors, are thus depicted in the form of contour charts for 
four zones: East Zone (60®E. to 170®E.), Intermediate Zone (170®E. to 
130®W.), West Zone (130®W. to 10°W.) and second Intermediate Zone 
(10®W. to 60^E.). 

From the corresponding values of PF 2 and the MUF factors it is 
now easy by simple multiplication to obtain the MUF*s. The usual 
practice is to construct MUF charts for transmission distances over 4000 km. 
and to use them as follows for greater distances. 

The MUF’s for the control points at distances 2000 km. from the 
sender and the receiver are read from the chart (vide infra). The lower 
of the two values is taken as the MUF for the distance concerned. For 
distances less than 4000 km. the MUF factor chart for 3000 km. is utilized 
along with the PF 2 charts. A set of curves representing the variation ol 
MUF factor with transmission distance is drawn once for all. 

Fig. 61 is an example of World Contour Chart, of MUF (4000 km.) pre- 
diction for the East Zone, for September, 1950, as prepared by the Radic 
Research Station, Slough, England. The following example will illustrate 
the use of the chart (for transmission distance over 4000 km.). Suppose 
that it is required to determine the MUF for transmission from Calcutta 
(22-6®N., 88-5®E.) to Cairo (30®N., 31^E.) at 0600 hours local time (Calcutta 




for tiie above month in 1960. We first determine, the latitude and longitude 
of the midpoint on the great oirole joining Galoutta and Cairo, lliese are 
26*S*N., 65-6°B. ¥tom the longitude we find that when it ia 0600 hours local 
time at Calcutta, it is 0406 hours local time at the midpoint. From the 
chart we find that at the point where latitude is 26*6^. and local time is 
0406 hours, the MCF is 19 Mc/s. This is, therefore, the MUF for transmission 
from Calcutta to Cairo at 0^ hours local mean time during September, 
1900. 

nie Naticmal Physical Laboratory, Enj^d, publishes nine World 
Contour Charts of predioti<m for each numth, three fat f^F^, three fw the 


sao. 10 


THE IONOSPHERE 


279 


MX7F factors for 3000 km. transmission and three for the MUF’s for 40Q0 km. 
transmission. 

It may be noted that the MUP calculated as above may be 
inapplicable owing to the presence of ionospheric irregularities (tade infra). 
These irregularities are associated With certain geomagnetic and solar 
disturbances which can be predicted from previous data. It is therefore 
customary for the various ionospheric laboratories (e.g. the Central Radio 
Propagation Laboratories, National Bureau of Standards, Washington) to 
report the geomagnetic and solar indices along with the ionospheric data. 
[See Chap. VII, Sec. 2(a).] 

(iv) Prediction of MUF from obetivaJtion of long distance scatters.— 
Observations on long-distance scatter (or ground scatter) {yide Sec. 13) 
may also be utilized for determining the MUf for long distance trans- 
mission [1136]. The MUF’s predicted from such observations are free 
from uncertainties due to unpredictable ionospheric changes. These 
predictiops are short-term predictions (24 hours) but, are much more 
reliable than the long-term ones. 

10. ORIGIN AND STRATIFICATION OP THE IONOSPHERE 
(a) Introduction 

The process by which an ionized stratum is formed by action of solar 
ultraviolet radiation may be understood as follows. Consider the earth 
to be envdoped by a single gaseous element the density of which decreasea 
exponentially upwards. If a beam of monochromatic radiation enters the 
atmosphere from outside and is absorbed in producing ionization, then the 
rate of ion production will be a maximum at a certain level. This is because 
the rate of absoq>tion at any height is controlled by two factors— the inten- 
sity of the incident radiation and the density of the absorbing gas. As the 
radiation enters the atmosphere from above, the former decreases and the 
latter increases. The two opposing factors thus combine, to produce a 
nrm.’ritnnm at a level which is ^termined on the one hand by the coefficient 
of absorption of. the gas for the particular radiation and on the other by the 
rate of decrease of the density upwards. This idealized process of layer 
formation has been studied in detail by Chapman [114] and will be discussed 
in the next section. The method of attack is simple and direct, and yields 
valuable information regarding the expected nature of the diurnal and 
seasonal variations of the ionization, I.e., the variations caused by the 
f^tywi ging inclination of the ionizing solar rays. 

An earlier attack on the problem was made by Panilekoek [115] who 

started with Saha’s theory [116] of thermal ionization as modified by Woltjer 

[117] and Milne [118]. This method takes into account the continuous 

nature oftihe solar radiation and has been sacceesfuUy adapted by Bhar [119] 

for eqpHaining the ionospheric stratification. Fannekoek’s method and its 
extension will be discussed later in this section. 
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(b) Formation and properties of a simple Chapman region 

Consider a beam of monoohiomatio radiation of unit oroaa-aeetion 
passing tbrongh the atmospheric layers at an inclination x to the vertical. 
Let the absorption coefficient per unit mass of the gas be ^ and the intensity 
of the incident radiation be / at a height h above the ground. Then, if 
X is not greater than 86°, the diange of intensity dl after the radiation 
has passed through a layer of thickness dh at the height h 'will Ite given by 

dlaaAI dh seo xpo sxp {—h/H) (106) 

where po is the density of the gas at the ground level and H( as Kr/mg) is 
the 'scale height *. 

On integration, 

/■> 7o exp {— JpoF sec X sxp (— A/J7)} .. .. (106) 

where '/o is the intensity of the radiation before it enters the atmosphere. 
If jS be the number of ions produced by absoi^ion of unit quantity of 
radiation, then the rate of production of ions per cm.* at the height h is 
given by 

?-i8^ooex (107) 

BB PAJoPo szp { —hJH—Ap^H sec x ozp (—A/if) }. . . (108) 

On differentiation, it is easily seen that q 'will be a maximum at the height 
*(x) g^ven by 

exp as Ap^ sec X (109) 

and the maximum rate-of ion production 'will be 

• ^ ^(x) ™ /8/o cos x/l? ezp 1 (110) 

When X <= 9, Eqs. (109) and (110) reduce to 

h^BaH\og,Ap^ (Ill) 

and q^^piftJH vrg\. .. .. ..(112) 

We may express Eq. (108) in terms of and q^ which are the values of 
A(x) and q(x) for vertical incidence. Thus 

[ A„+£r-A 

g sec X exp .. .. (113) 

Let us reckon heights from by as the reference level and in terms of as 
unit. Then 'we may -write Eq. (113) as 

graB^gexp {l—z— secxop (-*2)} •• (IW) 

where zaa— . 

As mentioned before this equation is valid only for -values of x less than 
86°. Chapman has extended this analysis to cover also the case of 
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grazing inddenoe. Hoover, in middle latitudes near the lerel of maxi* 
mum ion juodnotion the results derived fiiom the above simple formula 
need very little oorreotion. 

We now note a few important results derived from the above analysis, 

(i) Variation of eketron number dentUy roiKh zenith JUatanee of the eun 
under quaei-equUibrium condition. — For the ionoi^herio regions the electron 
(or ion) number density changes slowly with time during full daylif^t hours. 
This means that at any instant in daylight hours the rate of ion production 
(q) and the rate of ion decay approximately balance each other. If be 
the electron (or positive ion) number density at any instant ( at height h, 
then, assuming that recombination is the only process of decay, the number 
of electrons lost per cm.* per second is Hence for such quasi-equili- 

brium condition we put 

^ 0 (116) 


or, .. .. .. .. (116) 

Substituting the value of q from Eq. (110) we get 

sa 008 x/B 1> 
or 

aa const, (cosx)*. 

We thus arrive at the important result that the electron number 
density at any latitude, under equilibrium condition, is proportional to the 
square root of the oosine of the zenith angle of the sun. 

The case when equilibrium condition does not hold, e.g. during sunrise 
and sunset periods will be discussed in sub-section (v) below. 

(ii) ParticU concentration of the active constituent at the height of the 
maximum of the layer. — p(X), the density of the active gas (X) at any 
height is given by 

p{X) ■» Po 

Then, from Eq. (109) 

( 1181 ) 

This equation gives the particle concentration p(X) of the active constituent 
X at the height of the maximum of the layer. 

(iii) Dialributitm of deetron number deneity with height. — The distri- 
bution of electron number density with height under equilibrium conditions 
may be obtained as follows. We have from Eqs. (114) and (116), at the 
level z for a zenith an|^ X. 

.y, — .y, ®*P i{l“*“*®® X «*P (“•*))' 
where ( — V^fo/*)'* theelectronnumberdensityat the level of maximum 
ionization for X ^ 0. 
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Now, if is not laige, i.e. when the son is not far from the senith, 
see X "■ 1> snd we have for the region fdsr which s is small, approximately 

(117) 

wheiey ( m h—h^g) u the heij^t measured from Aj,, thelsTelof JS^o. 

Eq. (117) is that of a parabola of the form shown in Fig. 62. 

We thus see that in the neighbourhood of the level of maximum ioniza* 
tion the distribution of electron number density with height is roughly 
parabolic. It may be shown that this parabolic distrtbution holds good to 
an accuracy of 96 gier cent within the region Such a region may 

be called a simple Chapman region. 



Fia. 62. Calonlated parab ol ie distribution of dsotron numbw dsnaity in an ionoa- 
pberio lajror. The aotnal distribution approziinatao to this ouivo to within 6 per 
oent up to a distanoe of H km. above and below the levd of mMimiim ionisation. 


(iv) Absorption of radio waves caused by a simple Chapman region . — 
It is important to calculate the total absorption suffiwed by a radio wave 
in its passage through e simple Chapman region in which it is not deviated. 
This can be done as follows [120]. It may be shown from Eq. (37.1) that 
for the ordinary wave the absorption coefSoient for an underlying non* 


deviating region is given 


2we« Njr 


(118) 


If V is assumed to vary with height according to the simple expimential 
law F ^ Fes'*, and if the variation of N, be that fat a simple Cfliapman 
regi<m, bis given by 


1 . „ Tssp l{l*-8s'~‘SeeXexp (— s)}~| 
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Now, consider a wave reflected from the J'-region say, which in its up and 
down journey has passed twice through an underlying absorbing, non* 
deviating Chapman layer. The apparent reflection coefficient (p) of the 
i^-region is then given by 


~logp kdz 


where 


4^*NoH r exp 1 y 


/** 


fil* 

1 +^ 


e—dt, 


2i'o 


.. ( 120 ) 

.. ( 121 ) 
.. ( 122 ) 


Now, for reflection from Regi on F , a sufficiently good approximation is 
p> V so that a> 1 and X bb n/a*. With these approzimati<ms and sub- 
stituting for X in (120), we have 

(IB) 

It is thus seen that | log p [ varies as oos*^* X* IBxperimental results show that 
this law is obeyed only approximately [120, 45]. 

(v) Fartoftbn of ionization with tune and height {general exfreeaion ). — 
In sub-sections (i) and (ii) above we obtained simple relations for the 
variations of the ionization density (N«) with the hour of the day and with 
height under certain restricted conditions. For the former, a quasi-equi- 
librium condition was assumed to hold throughout the day-li^t hours; 
for the latter we considered only the region near the maximum ionization 
density. For closer study, when the lack of equilibrium condition has to 
be taken into account, ionization variations can be obtained as follows in 
terms of go and Nq, the rates of electron production and electron decay at 
the equinoxes over the equator, when and where the equilibrium condition 
may be assumed to hold more strictly. 

We have 

go - aNo* <>' - (?o/«)* (124) 

Substituting for g from Eq. (114) in Eq. (116) ws have 

ai go exp {l— z— sec x oxp (— z))— oN,*. . . (126) 

If ^ be the local time in radians and f is in seconds, then 

f/86400«-^/2ir; (126) 

We express N, in term of No and write 

No- 


h 


(127) 
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Wo olio ^te 

oo-il/(l‘37xl0*2^o«) (128) 

Sabodtuting for and t in Bq. (12S) Wb have 

oo^+li*-»oxp[I— S— feoxeapC— *)] (129) 

The above expression, however, does not hold good for grazing 
inoidenoe (x>85*). For saoh oase we rq[>laoe after Chapman [114] see x 
by a somewhat oomplioated function f(S+z, x) ^i^ioie Smt{a+h^)IH 
irtiioh approximates to seo x vdien x<36". 

During the hours of darkness, the right-hand side must be zero, i.e.. 


dfc . ’ 

oo j^+4* " • • 

On integration. 



where O is an integration constant. 


.. (130) 
.. (131) 


If k, and are the values of h at sunrise and sunset, we have 


L_* 

K ’ 


.. (132) 


idiete ^ and ^ are the local times for sunrise and sunset. 

l^cal curves may now be drawn to fllostrate how according to 
Chapman’s theory of layer production the ionization density varies with 



UtKHT I 

Vto. as. DIsMIratioii of ebetroa number deiMitx with height at different hcun 
of the dagr at equator daring the equimmea for ee » 0*S. The oidinatea 
rapeeMUt h ■■ (After CSu^maa.) 
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height (for different values of x) (uod also how it varies thronjdioat the 
24 hours of day and ni^t (in different seasons). Vbr this, we note that in 
the ejqfnession for l/oo, No is of the order 10*/om.* and « is of the order 
10'* oni.*/s. Thus eo is of the order unity. Illustrative curves may 
therefore be drawn for the probable typical values of eo* Fig. 68 the 
hdght variation of k i.e., of N, Nf^) is shown after Chapman for 
o V 0*2, for different values of ^ i.e. for the different hours of the day. In 
Fig. 64 the hourly variation of k is depicted for the latitude of Calcutta 
for five days in different seasons. 
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Vie. 64. Hourly variation of ionisation for five aeleoted days for tbe latitude of 
Oaloutta for vg ■■ 0*26 (after dhapman’s theory). Starting ftom the top the 
curvea auooeaaively oorteBpond to (i) Summer aolatioe, (ii) 6 (ann’a declination) 
-• +10*, (iii) Equinonea, (iv) 6 ■■ —10*, and (v) Winter aolat)oe. 

In Sec. 11 we shall discuss how for the observed variations of ioniza* 
tion in the different ionospherio regions follow these ideal curves. 

(vi) Effects of deparhirea from ideal Chapman conditions .— already 
remarked the Chapman layer is formed under higUy idealized conditions 
viz., the atmoaphere is isothermal (or, rather E •• J^jmg is constant), the 
iduizing radiation is monoohromatio and the recombination coefficient is 
constant with hei^t. None of these conditions is satisfied in jnactioe and 
the departures distort the ideal layer and make it diffuse. Theoretical 
mvestigations have been carried out to determine the various effects of 
the departures from the ideal conditions. Nioolet ^and Boaqr [121], for 
example, have examined how the maximum ionization density and tiie 
reflection coefficient vary with the changing zenith distance of the sun 
when B is not constant but varies with , height in scnne specified manner. 
Fig. 66 depicts after Gledhill and Szendtei [121o] how thS ionization 
density will vary with hei^t when there is a rising temperature gradient. 
It will be noticed that when the gradient is large thne is no layer 
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Fxo. 65. Curves illustrating distribu- 
tion of ionization (Ng/No) with 
height for the P^-layer when the 
temperature increases with height. 
To — ^temperature at the base of 
the layer (datum level), 
y — ^temperature gradient. (After 
Gledhill and Szendrei.) 


formation. These results are of importance in interpreting the observed 
data and determining the probable profiles of the ionized layer. 


(c) Pannekoek’s method of computing upper atmospheric ioniza- 
tion 

The above analysis of the ionization produced by monochromatic 
radiation may not represent the actual conditions since the incident radiation 
is not monochromatic being that due to the sun. The method of calculation 
taking into account the continuous nature of the solar radiation wm first 
given by Paimekoek [1 15] in 1926. It wiU be seen, however, that the fact 
that the radiation is continuous and not monochromatic does not greatly 
affect the results of Chapman’s analysis. This is because, for a particular 
process of ionization, only a short range of wavelength near the critical 
wavelength is effective in producing ionization in appreciable amount. In 
fact, the totality of the effective radiations, which lie within a small range 
adja6ent to the critical ionizing wavelength, may be regarded as a quasi- 
monochromatic radiation having a finite width. Thus, the methods of 
attack developed by Chapman and by Pannekoek yield practically the 
same result regarding the formation of ionized layers [122]. 

Tn calculating the ionization of the earth’s atmosphere Pannekoek 
made use of an analysis carried out by Woltjer [117] and Milne [1 18] in con- 
nection with the ionization of stellar atmospheres. 

Pannekoek’s method, as was pointed out by Mitra [123], may be suc- 
cessfully adapted to explain the origins of the various ionospheric * layers ’. 
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Bhar [119] in partionlar has carried out detailed calculations on layer forma- 
tions by this method and has shown that 

j^j» = Zexp (-yn,/ 9 ) (133) 

where 17 — ^fraction of gae ionized, 

p — ^total pressure due to the ions, electrons and neutral atoms 
(dynes/cm*), 

rig — ^number of molecules or atoms/cm.^ at height z above a certain 
datum level ( ea where tiq is the number of molecules/cm.’ at the 

datum level), 

6 — ^a constant determining the nature of the distribution of density 
with height of the gas, 

K — a constant depending on the effective band of ionizing radiation 
and the constituent ionized, and is given by 


, I 

K = . . (134) 

4ir A* .X' 

I 

Jxo 

where Q — energy of ionization/atom, 

Ti — ^temperature of the sun in degrees absolute considered as a 
black body, 

T — ^temperature of the gas in degrees absolute, 
w — solid angle subtended at the earth by the sun, 

Xi ss hvIkTi, X s hv/kT. The integrations are carried out between 
limits V and 


With the help of the above equation Bhar has calculated the distribu- 
tions of electron concentration with height due to the ionizations of O, N 2 
and O 2 by making plausible assumptions regarding the distributions and 
absorption coejfficients of these gases. These are discussed in the following 
section. 


(d) Production of the different ionospheric layers 

With the solitary exception of sporadic E, the other layers are known 
to owe their origin to the ionizing action of the solar ultraviolet radiation. 
In what follows the various theories proposed for the production of the 
different layers will be briefly discussed. 

(i) Region E . — ^Production of an ionized layer at the observed height 
of the i7-layer was for a long time a puzzle. It was, however, pointed out 
by Mitra [123J and by Bhar [119] (see sub-sec. (e)) and also independently 
by Wulf and Deming [124] that the ^-Isyer may be formed by ionization 
of Of in the region of transition where molecular oxygen is dissociated and 
where, as a consequence, its density falls off with height much more 
rapidly than for a simple isothermal atmosphere. Bhar assumed that the 
ionization was at the second ionization potential of Of and calculated by 
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t&e Paanekoek method (m modified by him, t-ide mijmv) the ionizstioii 
denidty dietribntiflii irith height. (See Pig. 66.) In oontiaet to Bhar’e 
aarampUom Wnlf and Deming prrfer ionization at the fixet ionization 
potential to be efbotive. Objeotlona to both these assumptions have, 
hovrever, been raised. It has been pointed. out that the ionizing band 
AA 770^1 at the second ionization potential lies Tpithin the legbn of strong 
absorption by atomio oxygen and, as sndli, irill be used np before it reaches 
the transition levd. Again, for the first ionization potmtial .the absorp- 
tion oross-seotion is so low that no ionization maximum would be produced 
at the required level. (Ionization at the first ionization potential of O 2 
is now believed to jirodnoe the D-region, v%d» infra.) 

Two different theories have been proposed to meet the diffioulties. 
According to one, emission firom the solar corona is supposed to provide 

km 

A»0i 



W to* 

rnttsAim uimr (iueTM/m/tc) 


Fio. 66. Ourves lUustraling oalbulatloiii of ionisation distribution with bright by 
Fannskook*s mothod (as modified by Bhar). This method is ap|dioahle when 
tbs ionising mdkiion Instead of being monodhsomatio is continuous In ^wave- 
length. It id to be noted that the JV-layer is foimed in the region when the 
densitgr of Og decreases rapidly with height due to photo-dissociation. The 
Jfg-lsjyer is shown as due to ionisation of Ng» and the JP'f-region as due to ioni- 
sation of 0«. Aooordinf to oontemporary ideas, however, J^g-fegion is produced 
by photo-loniiatfon, of atomio oxygen and J’t-region by a sort of bifiiroatlon of 
the JTi-regiono 
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tba ladiation [ISq. It is shown that if the son emits idioton 

gnmpe at abont 825A or at about 130QA then an iouiied layer oonld be 
produced at the required level (tfBegion^. Of the two groi:^, the 826A 
groiqp appears to be the moie likely agaut. Aoooiding to the other, due 
to Mloolet [12iQ, attention is directed to the ezistenoe of a nuadbw of 
strong absorption bands, superimposed on the feeble absorption oonti* 
nuum of Os fe ^ eneigy range 12*20 to 18‘S6 eV. Anoording to Mioolet, 
absorption in these bam^ (absorption oroas-seotion, some dxlO**^* on**) 
may lead to pre-ionizaticm and thus produce the ^-layer in the transition 
rogfam. (See Appendix, See. 2, Fig. 14.) The Lyman lines Ly and of 
hydrogen ooinoide with two of the bands. This view of the peMuotion of 
the F'layer, namely ionization of Of in the reghm of transitiim by a pro* 
ionization ptooess is now the generally aooepted one. 

(ii) Segions F\ a/nd Fa.— Bhar in his work as mentioned above, attri* 
buted Region Fj to the ionisation of Na at its second ionization potentisl 
and Region Fa to the ionization of O at its first i<Hiisation potential, l^ie 
theoretical ionization distributhms as obtained by him are shown in 
Fig. 66. It will be noticed that the shape of the resultant curve agrees with 
the observed distribution curve. {Of. Fig. 46.) Nevertheless, speotios- 
cofHO observations on twilij^t flash (see Ohap. X, Sec. 7) seem to throw 
doubt on the impwtsnoe of the icmizatiim of molecular nitrogen in the 
production of the ionized layers. It is maintsined that the number of 
Na'*’ ions formed by absorption of solar radiation is but a small firaotion of 
the total ion content of the icoosphete. Hence it is suggested that (sag* 
gestion initially advanced by Bates and Massey [127] and confirmed by later 
authors) Region Fa is ptoduoed not by ionisation of Na but by ionization of 
atomio oxygen. In support of this the following argnments may be 
advanced : We know fitom Cfeapman’s theory tiiat if the rate d eleotron dis* 
appearance is given by a(F,)*, where a is the effootive recombination coeffi 
cient, titen, according to Bq. (116.1), the maximum of the layw oooars 
vdiere the concentration of the active atmospheric particles has the value 
cos x/Aff {A is the absoipticm cross^ection of the ionising radiation and 
H is tile local scale hei^t). The concentration of O atoms at tiie level 
its maximum ionisation is thus found to be 6'7 X lO^/cm.* (0*9 is taken as 
the representative value of cos -d 4*6x 10~i* cm.* and H « SO km.). 
This agrees fitirly well with partide concentration as is believed to exist at 
the maximum of the Fflayer. According to tiie above authors Fi-layer 
is, therefore, produbed by ionisation of atomio oaygen. 

It is further proposed that ¥% being prodnced in the normal manner 
by^ioto'ionisation (of O), the Frmgi<m is produced by a sort of biiuroa> 
tion of the same according to (me c£ the two fcdlowing possible proc es s e s. 
Hie one, fevouted by Ifohler [126] and by Bates and Ifensay [127] is that 
the eflbotive recombination ooeffloient decreases with heif^t so rapidly that 
a nuudmum of equilibrium eleotron density is fiormed at some height above 
the Fffogian maximum, The siq^ Ffiigion tiins appears as double with 
one maximum at the observed level of Ft and another hif^ier iqp (at F|) 
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with a depression at an intermediate level. The other process advocated 
by Martyn, is that the bifurcation is caused by the tidal motion of the ions 
in the earth’s magnetic field (to which the decrease of the recombination 
coefficient with height may also have a contributory effect). This will be 
explained in Sec. 14. 

(iii) Region Z).— The most widely accepted theory of the production 
of the Z>-region is that it is caused by ionization of Ot at its first ionization 
potential as first suggested by Mitra, Bhar and Ghosh [129a]. 

A. and E. Vassey [131], however, maintain that photon energy down 
to about 7 eV is strongly absorbed by air (according to laboratory experi- 
ments) and that, as such, it is impossible for the corresponding radiation 
to penetrate to the required levels. Hence they suggest that the operative 
mec h ani sm might be photo-ionization of atomic sodium, the threshold 
energy for which is only 6*1 eV. The ionization rate for this process is, 
however, very low and cannot explain the D-region ionization. 

According to Nicolet ‘[125] one should take account of the three fol- 
lowing possibilities in considering Z>-region ionization : 

(i) A normal layer due to the ionization of Ot at its first ionization 
potential. 

(ii) A layer more or less sporadic due to ionization of sodium. 

(iii) An extra ionization during fade-out due to ionization of NO by 
A 1300. 

The suggestion is certainly more comprehensive than any of the 
others. However, in view of the uncertainties of the parameters involved, 
no pronouncement can be made on the comparative importance of these 
processes. 

For convenience the origin, height and some of the other characteristics 
of the various ionospheric layers are collected and shown in Table IV. The 
sporadic E-Iayer (F#), though not discussed above — ^because its origin is 
not due to photo-ionization — ^is included in the Table to make it complete. 
The origin and characteristics of Eg will be discussed in the Sec. 13. 

(s) Variations of ionization during solar eclipse— Source of the 
Ionizing radiation on the solar disc. 

Duri^ a solar ecUpse the ionizatioiis of the E- and Fi-regions are found 
to decrease markedly, the minima occurring a few minutes after the 
obscurity [137a, 1376, 137c, 139, 140, 141]. For the F^-region the effect is 
not so marked. While some observers report to have found a decrease in 
ionization (for example, references [141o, 139]) others have failed to detect 
any noticeable change [137c, 141c, 141]. According to Japanese observa- 
tions, the virtual height of the Fg-layer indicated a definite decrease during 
the eclipse of May 9, 1948 [141]. Development of a new stratification 
between Fi and was recorded in the same observations. 

lonoq^herio observations during a solar ecUpse afford an important 
means of ascertaining the source of the ionizing radiation on the solar dlsa 
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It may be recalled in this connection, that ultraviolet (black-body) radia- 
tion, as also emissions from the faculae, the chromosphere and the corona 
of the sun [see Appendix, Sec. 8] have all been suggested as sponsible 
for the ionization. 

During a solar eclipse^ as the exx) 08 e(l area of the solar disc varies, the 
intensities of the ionizing radiations from each of the aixive sources also 
vary in manners characteristic of their di8tril)utions on the solar disc. 
Now, from the observed variation of ionization (say for. the ^-region) 
during an eclipse, and by making appropriate assumption regarding the 
value of the recombination coefficient, one can construct a curve depicting 
how the intensity of the ionizing radiation reaching the upper atmosphere 
varied in course of the eclipse. (Incidentally, this also allows one to make an 
estimate of the value of the recombination coefficient [176].) One may also 
construct curves, for each of the possible sources listed above, (knowing 
their distributions on the solar disc) depicting how the intensity of the 
ionizing radiation from each varied in course of the eclipse. A comparison 
of the former curve with the latter ones, then enables one to judge the 
most probable source of the ionizing radiation on the solar disc. 

Such comparisons have been made by Waldmeier [137] with*the eclipse 
data of July 9, 1945, from which it appears that the corona may be the 
source of active ionizing radiation for the jE-region, though, all earlier work 
seemed to indicate that the ultraviolet (black-body) radiation was the 
ionizing agency. This is also generally corroborated by observations made 
in Japan during the solar eclipse of May 9, 1948 [138, 141]. Further, A'— i 
records made on a number of fixed frequencies during the same eclipse, 
showed that the absoiptions in the E and D regions diminished, though, the 
degree of the absorption and the eclipse did not go in parallel. This was 
ascribed probably to asymmetrical distribution of the active coronal regions 
on the solar disc [140]. 

Note: — ^The ionizing radiation of the corona comes from the inner corona— 
the parts closest to the sun. This part is believed to possess a very high tempera- 
ture— of the order miUion degrees — and emits, beside visible radiation, radiation in 
the extreme ultraviolet. The corona (the part beyond the solar disc) can now be 
studied even when there is no solar eclipse. Intensity measurement of the corona, 
close to the limb of the sun is now.made regularly with the green coronal line A 5308 
(due to Ve-i*^). As the coronal structure does not undergo appreciable change in 
course of a week or so (at least at times of small solar activity), and, as the sun makes 
a quarter rotation in leas than a week, it is possible to build up the structure— the 
intensity distribution— of the inner corona on the solar disc for any selected day 
from continuous observations at the limb for seven days prior and seven days after 
the seleoted day. It is to be remembered that in the observations at the limb, all 
elements tangential to the sun contribute to the intensity. For intensity in the front 
of the solar disc, the dements contained in half the oorreqwnding column contribute. 
Thio has to be taken into account in constructing the intensity distribution diagram 
on the solar disc. 

Mention may be made here of the suggeefcionB of Woo]^ [144] and 
of Woolqr and Allen raiding the nature of the coronal radiations 
whicdi produce upper atmoepheiic ioniration. According to these authors 
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i’s-region is formed by direct coronal radiation, the responsible radiation 
being that due to E and Fx regions are formed by Lyman quanta 

(hydrogen) from the chromosphere, but the necessary energy for this is 
supplied b,v heat conduction inwards to the chromospheric hydrogen and 
to the photosphere from the base of the cdrona which is supposed to 
possess a temperature of the order million degrees. According to Kiepen- 
heuer there would be negative correlation between the ionosphere and the 
corona [142]. Workers in Japan, however, suggest that ionization in the 
fs-r^on 'is maintained by two independent mechanisms relating to the 
solar corona in different ways. One of them is positively correlated with 
the green coronal line and the other negatively with it ' [143]. 

In concluding this section we may also note the suggestion sometimes 
made that fast neutral corpuscles ejected from the sun may also be an 
ionizing source. Simple calculations show that for such particles, the time 
of ‘ corpuscular ’ eclipse, as also its track will be widely different from 
those of the optical eclipse. For a speed of 1600 km./s., for example, the 
optical eclipse will occur some two hours after the corpuscular eclipse and 
the shadow track due to the latter will lie to the east of the optical totalit}’’ 
track at a distance exceeding 1600 km. [137a]. Eclipse observations, 
however, do not lend support to this theory. 

11. DIURNAL, SEASONAL AND SUNSPOT CYCLE VARIATIONS 
OF THE IONIZED REGIONS 

All the ionized regions of the ionosphere — D, E, Fx and F* — are under 
strong solar control, ^e ionizations vary markedly not only with the 
sun’s varying zenith distance (diiurnal and seasonal), but also with the 
Birattedness of the^sun in course of a solar cycle. These variations will 
be discussed in the present section. 

(a) Diurnal and Seasonal Variations 

(i) E and Fx regiona . — ^The diurnal variations of the E and Fx regions 
are found to agree fairly well with the ‘\/cos x of variation of the 
simple Chapman region (x — zenith angle of the sun). In itorticular, the 
variation is found to be almost symmetrical with reference to the maximum 
at noon. (Fig. 67.) 

The seasonal variations of the E and Fx regions for a given hour of the 
day (say noon), also follow approximately the v^oos x 1 a^* (For the 
F-region there are frequent apparent departures. These are caused by 
sporadic or abnormal B and will be discussed in Sec. 13.) The variation is 
found to be symmetrical about the summer solstice when x attiuiis 
minimum value. 

This agreement with Vcos x for the F>layer may seem surprising 
because, this layer is produced- by ionization of 0| in the transition 
re^on where the Oz-density diminishes rapidly with height, not 
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Fto. 67. Obsenred and calculated ▼ariationa of Region E deotron number density for 
summer in England. (After Best, Farmer and Ratclille.) 

according to the simple Dalton-law (in which H remains constant with 
height, and which is a condition for the Chapman layer formation), but 
due to photo-dissociation of 0^. This anomaly can he explained if it is 
assumed (as has been done in Sec. 10) that the combined effects of dissocia- 
tion and rising temperature in the transition region is such as to cause 
an exponential fall of Oa molecule density with height. The factor in the 
exponent thus replaces IfH and is constant. 

The diurnal yariation in the height A(x) of a layer of given ionization 
value also follows the simple Chapman law, namely A(x) varying linearly 
with log (sec x)- It is to be mentioned that with the accepted value of the 
recombination coefBcient the £-layer ionization at night should fall to 
a very low value. The residual ionization density as observed however is 
much greater, and has not yet been adequately esq>lained. It is some- 
times suggested that bombardment by meteoric dust might replenish the 
night time ionization of the ^-layer. 

(ii) D-region. — Observations on P-region, which is more or less an 
absorbing regioh, arq very meagre. 

A layer of given electron density in the region from which long- and 
very-long-waves are reflected appears to undergo height variations with 
the zenith angle of the sun following approximately the Chapman law 
Iqg (sec x)- For the regions from which higher frequencies are reflected 
the law ceases to hold [146]. 

Variation of absorption by the P-region (which is also an index of the 
variatimi of ionization den^ty of this regicm) has been studied by observing 
the variation in the apparent reflection coefficimt of the higher ionospheric 
regions. It is assiimed that the loss in intensity of the reflected wave is 
caused absorpticm in the double passage of the wave throo|^ the 
underlying P-region. If the exploring wave frequency (/) is much greater 
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tlian the oollieion fiieqoenoy in the I>-region then we have from Eq. (123), 
for a given vafaie of x, 

(Iog,p)-» o. oonet. (fi+ft) 

where p is the ‘lefleotion’ ooeffieient. Ascending to Appleton, messnie* 
ments carried out over long periods at Slough show that for idgnalo reflected 
fhnn the E, Fi and F% regions the above linear relationship is dosefy 
followed [46]. 

Diurnal variation of absorptiem at vertical incidence (160 kc./s.) as 
measured by Benner [147] shows that the absorption coefficient (e^ressed 
by logp) varies as (^ x)*> where n is 0*676 in the nunning and 0*76 in the 
afternoon. 

Long series of similar reflection coefficient measurements at normal 
incidence has diown that the ionissation in D-reffion is markedly solar 
controlled and that there is a seasonal change of from 2 or 3 to 1 from 
summer to winter. 

(iii) Ff-nfiott. — The variations of J^s-ionization are by no means as 
regular as those of the E and Ft regions. The tkrvngfi PF^ shows com- 



Vto. 68. — Upptr: Average diurnal variations of the virtual haii^ts of the .g, and 
P's regiOBS. Leflt June, 1687| rig^tt December, 1986. Lcieer.* Avecage diurnal 
variations of tbeciitiealftaqueneiea for tbeJl,JPj and J*) regions. Mote that the 
Uflueation of F into and F^ has ooe u rted only in the — ««>— month. This 
is a oharaotaristic of tenqierste and high latitode stations. Also note that the 
oritioal frequency for F^ is lower in summer ttiaa in winter and that there is a 
d ep r eaeion about noon in summer. (Ihs onnrea are for Vfaahington. The 
a b se i aea r e p resents Iffeet i m Standard Xtaae.) 
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plioated flnotuatioiiB not pradiotod by Chapman’s thetny [148]. The main 
featnrM of the variations are noted below. 

The flnotuations of i(»iuti<m are modi larger titan those of the tinde r - 
lying regions-^the individoal observatimis titowing a large scatter anmnd 
the mean plot of taken over an interval, say, a month. This soatter 
is probably dne to sudden ionospheric storms which are more&eqatntinthe 
Frluyet [149]. 

13ie diurnal variation is never qmunetrioal about noon ezoqvt during 
winter months at mid-latitude stations. The ionization rises and fidls more 
sharpfy at sunrise and sunset than the itmizations o£ the E and Fi regitms 
(Kg. 68). 

In general, the diurnal variation curve has two maxima, one brfore 
and another after midday. The midday depression is greatest during 
summer months (Kg. 68). 

The J'a-region also does not ob^ the simple Chapman relation regarding 
variation of the height of a layer of given density with the zenith an^ 
of the sun. In winter, the height is greater at midnight than that at 
midday. In summer, the height is greater at midday than at midnight. 

There are erratic variations of ionization during the night. It has 
been observed that the ionization instead of gradually diminishing during 
the hours of darkness (i.e., darkness in the j’t-region) often undergoes 
abnormal increase. It has also been found that the hour at whitii the 
increase begins, recedes towards the earlier part of the ni{d>t with the 
approach of the winter solstioe [160, 161, 162, 163]. 



•qaivalant hei^ (left) and avasage noon atUloal freqpMOoy (rtf^) of the JPg* 
lajvr. Two stations sitoatod in appcozimaMy sams gso|papUoal IsMtada but 
in widely difieiant longitudes show qrstsmatio diEetances in the vahico ofthsas 
pasametefa. The d l Mseaaesa aia most msritsd edwn the snn^ aenith di a t a nea is 
low. Washington— Lat. wnr., I.ong. TTW.i Shibata— L a t . ST'Snr., Long. 
189*S*B. (Aftsr A p pleton.) 
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Two stations situated in the same latitude but in widely different 
longitudes show systematic differences in the average penetration frequency 
and also in the average height of the 1'2-layer (Figs. 69 and 70). This 
difference is particularly marked when the sun's zenith distance is low, and 
may sometimes amount to about 3 Mo. for and about 100 kms. for 

in temperate latitude stations at noon. The phenomenon may be 
called the longitude effect [153a]. 

Another aspect of what is essentially the same phenomenon is as 
follows. The seasonal variations at two stations situated at equal numerical 
latitudes north and south of the equator and roughly at the same longitude 
show marked asymmetry. Thus, while the variation may have a maximum 
at winter solstice for some northern station, it may be so at the equinox, 
instead, for the corresponding southern station. 

This longitude effect has been found to be associated with the earth's 
magnetic properties. 

Oeomagnetic control . — ^As will be presently seen, a large part of the 
observed anomalies of the 1'2-layer can be explained as due to effects of 
atmospheric tides as controlled by the influence of the terrestrial magnetic 
field on the motions cf electrons and ions. In fact, the observed l'2‘^^8io^ 
variations appear to be more under tidal-cum-geomagnetic control than 
under solar (ultraviolet radiation) control. (The theory of tides in the 
ionosphere will be discussed in Sec. 14). Here we will give an interesting 
instance of direct geomagnetic control of the distribution of 1'2-ionization 
with latitude as first pointed out by Appleton [154]. 

It is found that for stations of widely differing longitudes, but lying 
not far from the geomagnetic equator the latitudinal variations of the 
noon value of ffF^^ show much less scatter when plotted as a function 
of the magnetic dip of the station, than as a function of the geographic 
latitude. Figure 71 in which the PF 2 values for September 1948 
are plotted against magnetic 'dip illustrates this. According to Appleton 
‘it appears that, for noon conditions, there is a belt of low values of pF^ 
circling the earth and centred roughly on the magnetic equator. For 
stations situated within this belt it is found that these low values are 
associated with marked bifurcation of the F-layer into Fi and F 2 strata. 
Such bifurcation is accompanied by the usual phenomena (for example, 
low noon value, evening concentration of ionization, slow electron dis- 
appearance after sunset, etc.) with which we are familiar under English 
summer conditions. In other words, the longitude effect and the geo- 
magnetic control are exhibited not only in the noon values otpF 2 but also 
in the whole diurnal behaviour.’ 

It should be mentioned here that it has been rightly pointed out by 
Liang [155] as also by Bailey [156] that the critical froquencies should 
properly be plotted against geomagnetic latitude rather than against magne- 
tic dip as in Fig. 71. This is because the dip angles as measured near 
the surface of the earth are often influenced by local magnetic conditions 
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Fio. 71. — Illustrating geomagnetic control of the critical frequency {P) of theirs 
layer. It is found that if the average noon PF% values of stations situated in 
northern and southern hemispheres are plotted against the magnetic dip values 
of the stations (instead of the geographical latitudes) the PF^ values lie more or 
less on a smooth curve. (After Appleton.) 

and as such do not represent the geomagnetic effect in the high regions of 
the atmosphere. 

Another feature of the geomagnetic control of F^-lAyer may be men- 
tioned. It has been reported by more than one observer [166, 167, 167a] 
that the f’ 2 -layer situated in the vicinity of the magnetic equator is often 
found to be subdivided into two or more layers during da 3 rtime. 

An explanation of the curious dip in the ionization values in Fig. 71 
has been given by Mitra as follows [168] : In the region above the Fg-layer 
where the fringe of the atmosphere might be supposed to begin, the collisional 
frequency is very small and the electrons and ions produced by solar ultra- 
violet rays have very long free paths (Chapter IX, Sec. 6). They are thus 
free to spiral round the magnetic lines of force and, at the same time, are 
roughly guided along them because, when formed by photon absorption, 
they will in general have velocity components along the lines of force. 
Now, at the magnetic equator the lines of force rise highest and ^lope north 
and south. The ions and electrons formed in the high atmosphere in the 
belt along the magnetic equator are therefore guided north and south and, 
when they come down to the lower levels, contribute to the ionization density 
of Region F^. The density on either side of the magnetic equator is thus 
increased by this * distilling’ process which operates throughout the daylight 
hours. It is shown that electrons and ions formed at heights 600-1200 km. 
above the magnetic equator will enter the earth’s atmosphere at 400 km. 
level, in the region of magnetic dip value 19^-34^^ (See Chapter IX, 
Sec. 6.) 

That the deficiency of the ion density in the equatorial band may arise 
from drift of the ions to higher latitudes has also been suggested by Menzel 
and Bailey [67]. According to these authors, however, the motive power 
of the drift is daytime thermal expansion rather than solar photon absorp- 
tion as proposed above by Ifitra. 
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(i) Solar cycle varlatfooe 

ObeervatioDB carried out over long periods show that the ionizations 
of all the ionoqpherio regions increase or decrease as the qtottedness of the 
sun increases or decreases in course of a solar cycle. In order to make a 
proper estimate of the d^ndence of ionization on the solar act iyity, it is 
convenient to introduce after Appleton the so-called region character figure 
as follows [169]. If N, is the noon-ionization density (when dNJdt may be 
assumed to be zero) in an ionospheric region over a station where the zenith 
angle of the sun is x> ire can write 

Ar.*/oosx“ W« 

where go the rate of ion production when the sun is vertically overhead 
(noon at the equatcnrial r^on during the equinoxes). If/o is the ordinary' 
ray critical frequency at the station under consideration then N, = Afifi 
where A is a known constant. We thus have 

/oVc<»X =» 

The quantity fe^looB x is called the region character figure for the ionos* 
pheric layer under consideration. It will be noticed that the region 
character figure is independent of the season, the variation in the rate of 
ion production due to change in the seasonal noon value of x being taken 
into account by cos x in the denominator. The region character figure is 
thus a measure of the intensity of the solar ultraviolet radiation producing 
ionization in the region under consideration. 

According to Appleton and Naismith’s observations [169] the region 
character figure for the J7-layer increased by a fisctor 2*2 from the year of 
sunqtot minimum (1933-34) to the year sunqpot maximum (1937-38). It 
appears from subsequent observations, however, that the value of the 
chazacter figure is gremr during years of rising activity than during years 
of activity [46]. In Fig. 72 the monthly average of the F-i^on 



Ito. 72. Oomlation ba i wien sunspot numbois and BMmtlily avange values of 
region ohaiaotar flguia for Begkm M. ( Altar Smith, Oillilaad and Kirby.) 


character figure (strictly, the fourth-root of it) for the period 1939-37 and 
the values of the monthly sunspot number for the same period are shown 
[IfiO]. It will be seen there is general agreement between the two curves. 
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It will farther be noticed that while the noon/oj^ ourre (the lotirer thick hoe 
curve) shows the annual seasonal variations, this has been Aliminatjui {q the 

upper (TI'V^Tx) curve. This shows that the region character figure 
curve provides a good basis fw comparison with solar activity. 

For the JP i-layer, which is well developed only daring summer daylij^t 
period, the region character figure has been found, accwding to observations 
at Slough, England [4S] to increase by a factor of 2-4 over the period 1934-37 
(rising solar activity) and to decrease by a factor 2-9 between 1937-46 (falling 
solar activity). 

The ionization of the 21>r^^on appears to undergo variations with the 
solar cycle. The variation from tnitTimiitw to minimum {g 2*7 : 1 in mmmoi. 
and 1*4 : 1 in winter. 

The ionization of the Fg<region also shows marked solar cycle variation. 
However, the variation in this case cannot be depicted with the Mp of 
character figure because as already explained, the Fg ionization is not 
related to the zenith angle of the sun in any simple manner. The winter 
solstice variation in course of a solar cycle is ibund to be. much larger than 
the summer solstice variation. 

In Fig. 73 the variations of the annual averages of the sunspot numbers 




Tm. 78. Oa mp a ri soBsofthe variations of the aeon erttieal ftequmeiM fi>r Hie F, Fj 
and Fg regions at Washington with the variations of the aannel averagas of 
snnapOt numbers for the period 1987-47. (After Wdls.) 

and the variations of the critioal firequendes for the E, Ft and Fg 
tegfams at Washington am oonqpared fat the period 1937-47 [102]. It will 





302 


UPPSIR ATK08PHKRE 


OBAP. TI 


be seeo that the oritioal frequency for the ig-region has increased with 
the sunqwt numbers and that the amplitude of the variation is much 
greater than that for the E and Fi regions. Thus, while has increased 
by a factor 1-25, PF% has increased by a factor 2'0 in the solar hslf-c 3 'cle 
under consideration. 

Allen has mode a close study of the average critical frequencies 
(relative to the critical frequency at zero sunspot number) for a number of 
stations for the eleven>year period 1936-47 and. has correlated them with 
sunqrat numbers and other solar features associated with an active sun 
[163]. It is found that Rf* for the E, Fi and F% layers lag behind the sun* 
spot numbers by 0*43, 0*M and 0-68 ports of a month respectively. This 
may be interpreted as giving the order of increasing mean life of the relevant 
solar features. 

From the above account it is clear that the critical frequencies of the 
various ionospheric regions are an accurate measure of solar activity — ^the 
changes in critical frequencies being associated with individual groups of 
sunspots. One cannot, however, expect a one-to-one correspondence 
between the two since there may be no direct causal relation between 
sunspots and the ionizing radiations, both being different manifestations 
of solar activity. 

Waldmeier [161] has examined closely the f^E variation with solar 
activity for over four years and comes to the conclusion that the source of 
the ionizing radiation may not lie in the sunspots but in the faculae or 
super-heated wrona. 

It is interesting to note that a 27-day variation inpFt (after correcting 
for lunar tidal influence) has been observed by Bartels firom examination of 
Huancayo data [164]. The variations were found to be of the order of 6 to 
10 per cent. v 


12. ELECTRON PRODUCTION AND ELECTRON DECAY- 
EFFECTIVE RECOMBINATION COEFFICIENT 

In discussing Chapman’s theory of ionized layer formation it was tacit ly 
assumed that the electrons ore produced only by photo-ionization and are 
lost only by recombination with positive ions. Under actual ionospheric 
conditions, however, the processes of production and loss of electrons are 
much more involved due to the various inelastic collision processes amongst 
electrons, ions and neutral particles. For exanq>le, free electrons may be 
lost by attachment to neutral atoms and molecules (fwming negative ions, 
e.g., 0~ and 0~) and may be produced by detachment firom the same by 
oollisimi with neutral particles or by photo-electric action. Again, the 
negative ions which are the source of such electrons may themselves be 
neutralised by electron transfer to positive ions— ho firee deotrons being 
produced. The net rates of electron production and electron loss are thus 
determined by these and various other coUisional process. 
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Xd what follows wo shall first list the various iodastio ool]isi<m prooesses 
amongst eleotrons, ions and nontral partioles as are of importaaoe in deotron 
production and electron loss in the ionoephetio regions. Brief acoonnts of 
experimental methods for determining the so-called efifootive recombina- 
tion coefficient and the rates of deotron produotimi will then be given. 
Lastly, the current theories to e^hdn the observed results will be. 
summarized. 

(a) Inelastic colllslonal processes 

Inelastio collision processes which control the rates of produoticm and 
loss of free eleotrons in the different ionoi^herio regions are the following: 

(i) Recombination. — positive ion may combine with an electron and 
get neutralized. An essential condition for recombination of an electron 
with a positive ion is, however, that the energy which had been spent in the 
ionization and which is released (at least partly) during the process of 
recombination must be removed from the scene of the reaction as, otherwise, 
the two bodies would meet Just to fly off again. One of the two means 
of shedding this extra energy is by radiation. Hie probability of radiative 
reeombi/iation depends upon ttie probability of tills energy being radiated 
away in the brief interval of time during which the hm and the deotron ate 
in collisional contact. The other means is by the so-oalled three-iody 
eoUiaion process. If a third body (atom or molecule) is present in the scene 
of collision, then it may absorb wad carry away the excess energy. The 
probability of recombination by this process depends upon the probability 
of the third body colliding with the ion and deotron during tiie shwt 
interval of time they are in a * state of collision ’. (These remarks also 
obvioudy apply to the recombination of dissociated atoms to re-£onn the 
parent molecules. See Chap. V, Sec. 2.) 

At pressures higher than 0*1 mm. the recombination proceeds mainly 
by the threoJ>ody recombination process and the coefficient of such recombi- 
nationis proportional to the gas pressure [Chapter X, Sec. 7]. As such, the 
three-body recombination process is unimportant in the E and F regions 
where the pressures are of the order 10~* mm. and 3x10** mm. res- 
pectively. It may, however, be of importance in the undertying i>-rcgbn 
where the pressure is hi{^. 

There is always a finite probability finr the radiative recombination 
process if the neutral particle produced has also a finite probability 
of being ionized by light absorption. According to Milne [118], the cross- 
section Qa leading to ionization is related to the cross-section Q, of the 
opposite process (i.e., recombination accompanied by light emission) by the 
fomrala, ' 

C.“2(Av)** 

where v is the vdodty of the ejected deotron and other qrmbds have their 
usual significance. (Andogous expressicm f<w the dissodation process Is 
discussed in Chapter V dealing with the presence <ff atmnic o:^gen in the 
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upper atmosphere.) The following are the ohief radiative recombination 
processes which may take place in the ionospheric regions: 

0++e->0+Av (i) 

Ojl’-f-s “♦ Oj-|-kv (ii) 

NjJ'+e-*' N2+ftv(iii) 

The recombination coefficients of all these processes are of the order 
lO-is om.*/sec. and are listed in Table V. It is to be noted that the 
neutral partioles produced may be in some excited state instead of in the 
ground state. 

Besides by radiation, the extra energy on recombination, can also be 
accounted for by other wa]rs. For instance, the extra energy may lift two 
of the outer electrons of the neutral particle produced to excited states. 
This is what is called dieketronic recombination and its probability has been 
discussed by Massey and Bates [166] for the case of O atom. The calculated 
probability is of the same order as that of radiative recombination. 

For the case of positive ions of molecules there may be the so-called 
dieaodative recombination, in which the energy rdeased on recombination 
is spent in dissociating the molecule and, at the same time, exciting the 
atomio products. Thus 

XY++e^X*+Y* 

According to Bates [166] the probability of the process is extremely 
high and may be as much as 10*7 cm.*/s. The dissodatiive recombination 
processes as are of importance in the ionosphere are 

08++C -► 0*-|-0** 

N8++e-+N*-i-N**. 

No detailed calculations of these processes have been made. But it may 
be pointed out that fdr the first tiiere is enough energy available for disso- 
ciating the 0% molecule and, at the same time, raising one of the O atoms 
produced to tiie state and the other to the state. [Energy available 
is the ionization energy of 08, namdy, 12*20 eV. But the total energy 
used up in tiie process is only 11*21 eV ; being the sum of the energy of 
dissociation (6*08 eV), the energy of excitation of ^8 (4*17 eV) and the 
energy of excitation of W (1*96 eV)]. For the second process, the available 
energy fislls just short of the total required, if one of the dissociated 
N atoms be raised to the *P state and the other to the *D state. Thus, the 
energy available is the ionization energy of N8, luunely, 16*68 eV. But, 
the total energy demanded is 16*69 eV, being the sum of the energy of 
dissociation (9*76 eV, Qaydon’s value [166a]), tiie energy of excitatiem of 
sp (3*66 eV) and the energy of excitation of *2> (2*37 eV). However, it 
has been pointed out by Mltoa [1666] that the slight deficiency of 0*11 eV 
is made up if the N8'*' ion be in one ot the vibrational levels v' « 1, 2, etc. 
instead o£ in the ground level v* tm 0. Alternatively, as has been suggested 
by Bates (private communication) the defioieney may be made up by the 
kinetio energy of the combining ekotron. 
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(ii) Mvtual nevirdlization of potitive mtd negnfive joM. — For mutual 
nentrslization of positiTe and negative ions we consider the deetron tranafer 
process which may have a high d^^ of probability. Thus 

Z**+r+-^ JT (oxoitod)+F (exoited)+Av. 

Here the electron from the negative ion X"" is tiansfened to the positive 
ion 7* and both particles are neutralized. The efleigy released is taken 
up partly by X and 7 being raised to excited states, partly as the kinetic 
energies of these particles and is i>artly removed by radiation hy. 

The oo^cients of such processes are usually considered to be high 
(of the order 10**^ — 10*’ cm.*/s.) if there is energy balance, i.e. if the net 
amount of energy released (the ionization energy of positive ion formation less 
the eleotron alBnity of the negative ion) is used up almost entirefy in exoitiiig 
the two neutral products. However, Itetes and Massey [183] have advanced 
arguments to show that tiie maximum probabiliiy occurs not for the cases 
f<» which there is exact energy balance, but for those which ate exothermic 
by a few volts. But, it should be mentioned that this conclusicm has been 
questioned by Bennett and by Sayers [184]. 

An alternative process is 

X7 (excited) "["Ar, 

where X” and 7* combine to form a neutral molecule. This process has 
also high probability if hy is small. 

The possible mutual neutralization processes in the ionospheric regions 
are the following: — 

O^+O" -► O (exoited)+0 (excited) (i) 

Njl" +0** -► Nj (oxcited)+0 (excited) (ii) 

O* +0" ^ Of (excited)+Of (excited) (iii) 

0* +0- Of (excited)+0 (excited) (iv) 

(iii) PnducHon of negative tone by deetron attaehimeml to nentral 
partidea. — Of the .various constituents of the upper atmoqihere only o^^gen 
atoms and molecules form stoble negative ions. (See Appendix, See. 2h.) 
We have, therefme, the following two processes of attachment: — 

0+e-e'0“+hv, 

CoUisional e:q»eriment8 show that the electnm afiBnity of O is 2>2 e\" [168] 
and is greater than that of 0t> ^7 about 1 eV [16V]. There is some 
unoertainty about the value of the electnm affinity of 0. While Losier 
gives the value as 2*2 eV, experiments by Vier and Mayer [169] have yielded 
the vidue 3*0±'l eV. The coefficient o( attachment fi for 0 atom as 
calculated by Bates and Massey [167] is 1x10**^* cm.*/sec. fbr incident 
eleotron of energy 0’2 eV. For oxygen molecule, whose eleotron affllnity 
so 
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is nearly half of that of oxygen atom, the attachment coefficient may be 
anumed to be about one order less than that of oxygen atom. 

(iv) Detachment of eUelront from negatiw tons.— The following reactions 
are possible under this head:— 

0+0“ ->.0s+e, (i) 

Nj+O'-vNjO+e, (ii) 

0j+0^”-> 202+e, (iii) 

0+0“ -> Os+e, (iv) 

Similar reactions with nitrogen atom, leading to the formations of 
NO and NOs may be imagined if dissociation of Ng in the ionospheric 
r^ons is assumed. (See Chap. V, Sec. 3). There can also be the follow* 

ing photO'detachment processes : 

0-+*»<->0+c, (v) 

Oj +Av ^ Oj+e. (vi) 

Processes (i) to (iv) represent detachment by coUision ; these processes are 
always operative. Processes (v) and (vi) represent photo-detachment and 
th^ may play an important rdle during daytime. An estimate may be 
made of the cross-section for the detachment process represented by (i) 
from the following consideration. When a beam of electrons is fired 
through a gas such as Oj the reaction is 0|+e 0+0** which is the reverse 

of (i). The cross-section of O 2 for this reaction has been estimated to be 
not greater than 6 X 10~i> cm.‘ Application of the principle of detailed 
balancing shows that the cross-section for the opposite process (i) will be 
small, only of the order of cm.* [170]. This is an inferior 

limit, tt»e actual valjie may be greater by a factor of about 10. This is 
because in the electron firing process the oxygen molecules fired at are in 
the ground state, but in reaction (i) the association of 0 and 0~ may 
produce also vibrationally excited molecules. The value of the detachment 
cross-section correq>onding to process (i) may, therefore, be assumed to lie 
between 10~*^ to 10~** cm.* The coefficients of the reactions (ii), (iii) and 
(iv) have not been calculated. It may, however, be assumed that the 
coefficient of reaction (ii) is of the same order as that of reaction (i). Por 
reactions (iii) and (iv) the values of the coefficients may reasonably be taken 
highm than the detachment coeffidlent of electrons from 0~ because the 
electrons are more loosely bound to 0“. 

In the photo-detachment processes (v) and (vi), negative ions eject 
electitms by absorption of lij^t quanta having energy greater than the 
eleothm affinity. The rate of production of electrons from negative ions 
(say /) by light abscnption may be evaluated as follows [171]. We- have 

I <iJiv)vyiv, 

^ M 
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where — ^the number of light quanta of frequency v passing through 

unit area per unit time, 

— the number of negatiye ions per cm.*, 

I'o — frequency corresponding to the energy of attachment, 
QJy) — cross-section for absorption of light of frequency v. 

Using Milne’s relation as given above and assuming that for the 
low velocity electrons asarejmsentin the ionosphere varies as 1/v [172], 
we obtain [see Appendix, Sec. 6] 

where yi is a constant given by 

YI - T,* 

Fqr O atoms, taking electron affinity ae 2*2 eV, is equal to IxlO^^^r 
for Os molecule, taking electron affinity = 1*0 eV, yi is equal to 9x 10^*. 

The coefficients of the different types of reactions which are of 
importance in the upper atmosphere are collected in Table V. 

(b) Estimation of effective coefficient of recombination and rate of 
electron production from ionospheric data 

The effective coefficient of recombination (a) and the rate of electron 
production (j) are interrelated. The magnitudes of these quantities may be 
estimated from a study of the diurnal ionization variation curves round 
noon when the ionization is nearly maximum and rotind sunrise when it is 
a minimum . 

Consider points a and b in Fig. 74 immediately before and after sunrise 


Fxg. 74. — ^Referonoe points (a, 6, e, d) in the 
diurnal ion number density variation curve 
fbr calculation of the rates of ion produc- 
tion. 


when the electron concentrations (N^) are the same and the values of a may 
also be assumed to be the same. We, therefore, put 


a. * 04 (137) 

when W.- W*. .. .. . . .. (138) 

We, then, have 

<■») 
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Next consider points c and d equally spaced on either side of noon. 
We can assume that q and a are the same at these points. Then 

-■ 


.. (140) 

and. 



.. (141) 

Hence, 


.. (142) 


The values of q and a for all hours of the day may now be calculated 
with the help of Eqs. (139) and (140). 

The rapid fall and rise of E ionization as observed during a solar eclipse 
affords another means of computing the effective recombination coefficient 
in this region [176]. 

At the instant when / is the fraction of the exposed disc of the sun 
and X is the zenith angle of the sun, the rate of electron decay is obviously 
given by 

C 08 X 

where a is the recombination coefficient and 90 is the maximum rate of 

dN 

electron production. Hence, if the variations of , /, and x 'v^ith time 

in course of the eclipse are known, one can draw a family of curves 
showily; the variation of with time for different assumed values of a. 
From such a famil^ of curves the one that fits best with the observed 
variation may be picked out and the a corresponding to this curve may 
be taken as representing the most probable value of a for the E region. 

Note : — is obtained from observations on control days and the varia- 
tion of / may be calculated from the known characteristics of the eclipse. 

The method of obtaining the variation' of is rather laborious but may 

be obtained step by step by considering the ionization variation over short 
internals of time [176, 177]. 

A third method of estimating a for Region E consists in drawing a 
number of diurnal ionization variation curves like those in Fig. 67 for 
different values of a and selecting the one which fits best with the ex- 
perimentally observed one. The value of a corresponding to this curve of 
best fit represents approximately the recombination coefficient of Region E. 

Measurements on the rate of electron production q show that contrary 
to expectation its values for both E and regions are generally high after 
sunrise and before sunset, and low round 10 hours and 14 hours. This is 
specially true for stations situated near geomagnetic equator for example, 
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Huancayo [178] and Calcutta [66] in summer and equinox. The average 
values of q as measured under ionospheric conditions at Calcutta are as 
follows: For Region q varies between 160/cm 8/s. and 100/cm.8/s. In 
summer during high solar activity q attains a maximum value of about 
400/cm.8/s. For Region E the value varies between 60/cm.8/s, and 30/cm 8/s. 

It is to be noted that the determinations of q and a as discussed above 
do not take into account the very important effect of vertical ion drifts in 
ionosphere caused by atmospheric tides. This is specially important for 
the F 2 -region where the tidal effects cannot be ignored. A. P. Mitra [179] 
has determined its value for Calcutta taking into account ion drifts due to 
tidal motions. The value of a as determined by him is found to be of the* 
order 10”ii/cm.8/s. The summer value was found to be less than the 
winter value. 

We may summarize here the values of the recombination coefficients 
for the main ionospheric layers as obtained by different workers [66, 180, 
181, 182], 

a£ N 1 X 10“8 cm.8/s. 
clFi 2= 4 X 10-8 cm.8/s. 

0 LF 2 N 8x10-11 cm.8/s. (day) 

3x10-18 cm.8/s. (night). 

The important point to note here is that the computed values of the 
recombination coefficient are much greater than the probable theoretical 
value of 10-18 cm.8/s. for radiative recombination. Further, the value for 
the lower regions E and Fi is higher than that for the higher region F^- It 
is to be noted that for these lower regions the value of a is fairly constant. 
But for the F 2 -region the recombination coefficient decreases with height. 
In the next section we shall discuss the probable causes of the high value 
of the recombination coefficient particularly in the lower regions and also 
the cause of its variation with height. 

(c) Equilibrium in the ionized layers 

The explanation of the high value of the recombination coefficient that 
was first given and that was widely accepted was one in which negative 
ions of atomic oxygen played an important r61e (Bates ft Massey [183], 
Sayers [184]). However, it now appears that the process of dissociative 
recombination can also explain the observed high value at least for the E* 
region if O 2 molecule be the active constituent in this region. In what 
follows we shall first give in some detail the theory of effective recombina- 
tion as it will be helpful to understand the interrelations between the 
various electron production and electron decay processes in the ionospheric 
regions. 

(i) Effective Beeombinatian. 

Consider the processes by which firee electrons are lost and produced. 
They are lost (i) by recombination with positive ions, and (ii) by attachment 
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to neutral partides like 0 atoms and 0% moleoules which have hi^ electron 
afSnity. They are produced, (i) by detachment of electrons from negative 
ions by collisions with neutral particles, (ii) by photo-ionization of neutral 
particles, and (iii) by photo-detachment of electrons from negative ions. 
(The two last-named processes are, of course, operative only during 
daytime.) Again, negative ions are produced by attachment of electrons 
to neutral particles and are lost (i) by detachment by coUisions with neutral 
atmns and molecules, (ii) by photo-detachment, and (iii) by mutual 
neutralization when a negative ion meets a positive ion. The rates of 
production and loss of negative ions thus affect the net rates of production 
«nd loss of free electrons. 

F<nr the time variation of the negative ion density at daytime we may 

put, 

.. ( 143 ) 


where oi — coefficient of mutual neutralization of positive and 

negative ions. 

/}— coefficient of attachment of electrons to neutral 
atoms and molecules. 

y — coefficient of detachment of electrons from negative 
ions by collisions. 

n, N„ N^, N+ — number densities of neutral particles, elections, 
negative ions and positive ions req>eotively. 

Yi — rate of loss of negative ions by photo-detachment of 

electrons. [See Appendix, Sec. 6.] 

Let us for the moment assume that the term N+, the rate of 
disappearance of negative ions by mutual nentralizatimi, can be neglected 
oompared to the attachment and detachment rates fiN,n and yhT.n. 
The assumption may be justified by the foot that the last-named terms in- 
volve n, the number density of neutral particles which is very large compared 
to N- m N+. Also, N+ may be nej^oted oompared to Ytfi^- because 

Yi has a very high value. Since the attachment and detachment rates are 
great, a dynamical equilibrium is quickly establidied for these rates and 
in the equilibrium conditi<m we have, 

PN^nmyN-n+YiP^- 0 ^) 

"• <•“' 

Now, for the time variation eleotnm demfity at daytime we have, 


^^q-x,N,N+-pN,n+YN.n+YifiN., .. ( 146 ) 


where, a , — coefficient of recombination of electrons with positive ions. 

g — rate of eleotrcm {oe positive ion) produoticm per cm.* due to 
photo-ionization. 
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Oombiniiig Eqs. (143) and (144) and assuming tliat the ioaosphaeie regions 
are electrically neutral, so that, 

and using relation (146) we have, 

dt 1+A 1+A<« • 

Since yi depends on cos x, where x is the zenith distance of the sun, the 
variation of A with time will be small except during sunrise and sunset. 
Therefore, 




At night j = 0, yi = 0 so that, 




. ( 147 ) 


.. (148) 


where ^ y (night time). 


. (149) 


We thus obtain the law of electron decay by recombination, namely, 
the rate of decay is proportional to the square of electron number density. 
The quantity (a«+A«i) is therefore called effective recombination coefficient. 
The recombination rate is thus controlled by the negative ion — electron num* 
ber density ratio A and the coefficient of mutual neutndization cq, rather than 
by the simple recombination coefficient Now, the coefficient of mutual 
neutralization is of the order 10~7 to 10**> cm.s/sec. and the value of A varies 
according to the region and time of observation between unity and 10~*. 
Hence the effective recombination coefficient varies roughly betw^ 10~* 
and 10"i® om.*/sec. 

The expression (a,+Aa(|) for the effective recombination coefficient was 
first deduced by Appleton and Sayers [184] and also independently by 
Massey and his collaborators [166a, 183]. 

Ghosh has carefully considered the equilibrium condition of the different 
processes in the different ionospheric regions and the variations in the value 
of effective recombination coefficient resulting therefrom [186]. It has been 
pointed out by him that one is not justified in neglecting the term citN^N+ 
in Region F where the number density of neutral partiqles is low but that 
of electrons high. Taking this into account he has deduced the expression 
for A for Region F both for the day and for the night time conditions. 
According to him, the correct expression for A for Region F for daytime is 


(yn+yij5+fl{|N,) 


( 180 ) 
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or, since yn is many orders smaller than y^jS and oLiN^, 

\ - 


For night time 


A t=a pn/aiNf. 


.. (161) 
.. (162) 


Substituting the value of A in the night time expression of ANJdt, it is 
easily seen that the rate of decay of electron number is proportional to 
rather than to JV,*. This has been tested by Ghosh by comi)aring the 
decay of electron number density of Region F at night as observed at 
Huancayo and Watheroo with those calculated according to the values of 
A given by Eq. (152). He found that the calculated values agree fairly well 
with the observed values. 

A more general expression for A, applicable to all the ionospheric 
regions, as deduced by Bates and Massey [183] is 


A 


Pn 


1 dA 
l-f*A dt 


yi^+yn+g+iV. (a|— aj * 


(163) 


For JP-layer the equation 


and for F 2 -layer to 


The expression for Region F* is the same as that given by Ghosh. The 
expression for Region E, however, is different from that previously given. 

It will be noticed from the equations that the values of recombination 
coefficient for both the Regions E and F 2 , vary with height [56, 178, 186]. 
For Region E this variation is due to the decrease of n with height, while 
for Region F 2 , it is due to the variations in 71 as well as in JV.. The 
variation of a with height in F 2 -layar has been attributed by Baral and 
A. P. Mitra [55] to the variations in both temperature and pressure with 
height. (It may be mentioned that according to many authors the varia- 
tion is due to pressure only, while according to Seaton [178] it is due to 
variation in temperature only.) 

It may also be noticed that the law of recombination, namely, that 
the decay of electron density is proportional to the square of electron 
density, holds for Region E both at day and night and for Region Fi 
(daytime). For Region Fg during daytime, the law may not hold in the 
extreme case, when the effect of photo detachment is small compared to 
that of the effect of mutual neutralization. In such case, the decay of 
electron density of Region F 2 at da 3 rtime may vary linearly as A 
consequence of this is that the region of maximum electron production 
may not coincide with that of maximum electron number density. 


simplifies to 


t 

y,^+yn’ 


fin 




(164) 


.. ( 166 ) 
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(ii) Dissociative Recombination. 

As mentioned in the beginning of this section the process of dissociative 
recombination for the 02 *^ ions can exx)lain the high value of the recombina- 
tion coefficient. According to Bates [166] the dissociative recombination 
process such as 02++c-> 0*+0* has a very high probability. Here the 
energy of ionization is spent partly in dissociating the neutralized O 2 
molecule and partly in exciting the O atoms produced. Hence if O 2 mole- 
cules be the active substance Ave have no need of assuming any complicated 
eflpective recombination process as discussed above. We may simply write 

dN 

^^q-^OL(d)NMOh 

where a{d) is the dissociative recombination coefficient and is of the order 
1 X 10"® cm.®/s. For the higher regions Fi and F 2 , however, it has not been 
possible to suggest any such simple process. 

(d) Laboratory method of determining recombination coefficient 

It may be interesting to note that microwave techniques have been 
applied for developing laboratory methods for estimating rates of decay of 
ionization from change in resonant frequency of a microwave cavity en- 
closing the electrons [187, 188j. As in most of the gases used, negative ion 
formation is negligible, the decay of ionization is to be attributed largely to 
electron recombination. An important technical problem in connection 
with such laboratory determination is the elimination of the wall effect. For 
the microwave technique this is accomplished by keeping the gas pressure 
sufficiently high (10”^ mm. of mercury, remembering that at least for 
monatomic gases a is independent of pressure). The measured rates of 
recombination are found to be several orders higher than those previously 
reported, ranging from 10“® cm.®/s. to 10"*® cm.®/s. 

Another interesting method of controlling ion-diffusion to the walls 
which is being developed by the Research Laboratory ,of Physical 
Electrcni(?s, Tufts College, Medford, Massachussetts, may be mentioned. 
A discharge tube in the form of a toroidal ring is used and a longitudinal 
magnetic field is applied through the tube everywhere perpendicular to 
the cross-section to control ion-diffusion to the walls [189J. 

(e) Existence of negative ions — * Sunrise effect ’ (Ozone shadow) 

In the preceding section we have referred to the formation of negative 
ions (0“, O 2 ) in the ionospheric regions. Observations on the ‘sunrise 
effect’, i.e., on the hour at which the decay of ionization in an ionospheric 
layer (which proceeds during the dark hours of night) is first checked, in 
relation to the hour at which the solar rays tangent to the ground first 
strikes the layer in the small hours of the morning, afford a means of 
detecting the presence of such ions. It is clear that the grazing solar rays are 
deprived not only of the extreme ultraviolet wavelengths (by absorptions 
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l>y Ng, Of and O) in the high atmosphere, but also of the near ultra- 
violet (by ozone in the middle atmosphere) and most of the visible radiation 
except red (by haze and fog near the ground). If, therefore, the ionization 
is found to increase when the ground-grazing rays strike the layer, the 
electrons produced cannot be due to ionization 'as no atmospheric con- 
stituent h^ an ionization potential corresponding to red rays. The increase 
may, however, be due to electron detachment from the negative ions which 
are known to have quite low detachment potentials (see Appendix, 
Sec. 2k). Observations on the sunrise effect are thus useful in checking the 
possible presence of negative ions. We give below results of some observa- 
tions on the ‘sunrise effect’ in different parts of the world. 

From analysis of records made at Calcutta for about 14 months 
(1938-39) it was concluded that E-region ionization begins to increase 
when the solar rays strike it, not tangent to the ground, but to the ozono- 
sphere at a height of 36 km. [190]. Further, it was found that the seasonal 
variation of the hour of sunrise effect, in relation to the hour of ground 
sunrise, followed closely the seasonal variation of the ozone content of 
the atmosphere. (Fig. 76.) Hence it was concluded that the observed 



Fxo. 75« Correlation between the seasonal variations of atmospheric ozone content 
(curve A) and the hour of early morning increase of Region E-ionization (curve E). 

sunrise effect is due to electron detachment (possibly from 0*) and that 
the active wavelength is greater than 2900 A which is the ozone-cut off wave- 
length (see Fig. 1, Chap. IV). 

Penndorf [191] has also discussed how the upper boundary of the 
ozone layer (responsible for delaying the sunrise effect in the E-layer) can 
be determined from the known values of (1) height of the E-layer, (2) time 
of sunrise for visible light in the E-layer, and (3) the time at which the 
ionization begins to increase. The accuracy of determination is found 
to be as good as db I the observed delay time agrees best with the 

calculated values if the heif^t of the boundary of the active ozone layer is 
taken to be 60 km. instead of 36 km. as assumed above. 

The results obtained at Calcutta, referred to above, were for the region 
near the maximum ionization of the E-Iayer. These may be compared with 
the sunrise effect for a region below the maximum as observed with 326 kc./s. 
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wave at Stanford, California (U.S.A.) [192]. It was found that the intensity 
of r^eotion tended to increase at about the time (which was up to an 
hour before ground sunrise) when the solar rays tangent to thb ground 
struck the region. This increase has been attributed to ionization by 
electron detachment from negative ions. Further, the height of the lowest 
observed i?-region reflection (on 100 kc./s.) was found to drop appreciably 
(the magnitude averaging 12 km. in winter and 6 km. in summer) at about 
the time of ground sunrise. This change is attributed to efiect of ionization 
by solar ultraviolet relation. 

Some of the results of sunrise effect as observed for the case of the 
F'layer are as follows. From observations made at Calcutta [190] it was 
found that the pre>sunrise minimum occurred in all seasons after F-region 
sunrise but before ground sunrise. The hour of minimum was fAr t.hps t 
removed from the hour of F-region sunrise (nearest to ground sunrise) 
in summer, but approached the same in winter. According to observations 
at Slough the minimum occurred prior to ground sunrise in all seasons 
[193]. At Washington, on the other hand, the pre>sunrise minimum was 
found to occur after ground sunrise during the period of observation 
May-June 1949 [194]. According to observations at Stanford [192], on 
firequencies 325 ko./s. and above, there is an abrupt drop in the virtual 
height of reflection (as shown by h*-t recordings) when the solar rays are 
incident on the region tangent to the earth’s atmoq>here at heights greater 
than roughly 200 km. above sea-level. From this it was concluded that the 
early morning increase in 1*1 is not caused by solar radiation in the visible 
region. 

13. IRREGULARITIES AND ABNORMALITIES IN THE 
IONOSPHERE 

(a) Introductloii 

The diurnal, seasonal and solar cycle variations of ionization dis- 
cussed in Section 11 may be regarded as regular and normal ionospberio 
variations, being dependent on regular and predictable variations of the 
ionizing solar radiation. Besides these regular variations there are irregular 
and abnormal variations in ionization which reveal themselves by sudden 
increase in absorption of downcoming waves, abnormal increase in the 
critical firequency, and/or by scattering of radio waves. The origin of 
some of these abnormalities is still ill-understood. Some have been 
traced to effects of solar flares, meteoric impacts, solar corpuscle bombard- 
ment (as produce auroras) and, probably, run-away electrons firmn thunder- 
clouds and electric fidld of the same. It is to be remarked that the 
irregularities and abnormalities may be transitory or of a semi-permanent 
character. '' For example, the ionization produced along a meteor track 
may be dispersed in a fraction of a secemd; the ion clouds which produce 
abnmmal at 8p<»adio B in temperate latitudes, as also the effects of extra 
ionisation produced during a solar flare may last for an hour or so ; and, the 
abnormal effects inoduced dozing magnetic storms may continue f<w days. 
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In regard to the last named effect, it may be mentioned that near the 
auroral zone where the ionizing solar corpuscles concentrate the abnormality 
is the normal feature of the ionosphere. In what follows we will discuss in 
some detail these various irregularities, their effects and their probable 
origins. 

(A) Sporadic E 

A very persistent abnormality of the ionosphere is what is known as 
abnormal or sporadic E denoted by Eg. It has been known since the early 
days of pulse teclmique that the E-layer critical frequency undergoes sudden 
and abnormal increases. The increases may be many times the normal 
E critical frequency and may sometimes be so high as even to screen the 
E-echoes. The virtual height, of these abnormal echoes varies between 
90-120 km. 

The sporadic E’s occurring in different latitudes may be of different 
types. However, there are two types, the long duration or the ‘ intense ’ 
type and the transient or the ‘ burst * type, vrhich are found to occur in 
all latitudes. Further, as the variation of the penetration frequency fEg 
is dependent upon the power of the transmitter, the sensitivity of the 
receiver and the directional properties of the transmitting and the receiv- 
ing aerials, it is not possible for ionospheric observatories to rei)ort median 
or average values of /E,. Instead, the practice is to report the percentage 
of times /E, is above a certain value (say 3, 5 or 7 Mc./s.). 

Various considerations show that the increase in the E-layer penetration 
frequency due to E, is caused by intrusions of localized regions of increased 
ionization into the body of the E-layer and not due to an increase in the 
ionization of the E-layer proper. In equatorial regions E^-ionization is 
weak but exists throughout the daylight horns and /E, varies smoothly 
with a maximum at noon [195]. In temperate and subtropical latitudes, 
Eg occurs most frequently in the early morning and in the evening and is, 
therefore, sometimes called nocturnal-E. It has also got a seasonal 
variation, both in equatorial and in temperate latitudes, being most 
numerous in local summer [195, 196]. Eg occurrence frequency does not 
seem to depend on the solar cycle. In high latitudes near the auroral zone. 
Eg occurs with great frequency, but its origin is believed to be different 
from that in the lower latitudes. The aggregate of ion clouds which produce 
the sporadic E can also scatter radio waves {vide infra). It xnay be 
mentioned here that observations by pulse technique with low frequency 
(100, 325, 350 kc./s.) show that the night-time E-region consists of several 
strata of ionization [192]. These, both transmit and reflect the low 
frequency waves employed, showing that they are very thin. (Measurement 
showed that the ionization gradient corresponds to a scale height of only 
0*7 km.) A close correlation is found to exist between the highest virtual 
height recorded with 325 kc./s., and the minimum virtual height of Eg as 
recorded with the usual automatic ionospheric equipment (1*3-18*0 Mc./s.) 
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It is thus possible that the strata obserred with the low frequencies are 
also sporadic-jSf ion clouds which, on account of their extreme thinness, 
though of high electronic density, transmit the low frequency waves 
employed. (See Sec. 3.) 

The origin of Eg is not yet completely known. Meteor ionization, 
thunderstorm effect and bombardment by solar corpuscles (specially near 
auroral zones) have all been suggested as contributing to the production of 
Eg. We discuss below in some detail the probable effects of these agencies 
on upper atmospheric ionization. 

(i) Meteor ionization . — Of the three possible sources listed above, meteor 
ionization has been the most favoured one, at least for low and middle 
latitudes. In Chap. IIIA, Sec. 5, it has been explained how meteors in 
rushing into the atmosphere produce trails of ionization which xnay be 
detected as transient echoes with the * radar* technique on very high 
frequencies. It has been suggested that meteor ionization also produces 
the ion-clouds which cause the Eg echoes. Many observers have recorded 
temporary increase of ^/-region ionization density to very high values 
during meteoric showers [197, 198, 199, 200]. Closer study of this 
phenomenon has been made by Appleton and Naismith [196] in England. 
These authors compared the incidence of Eg echoes (as recorded in auto- 
matic multifrequency ionosphere apparatus) with that of transient meteor 
echoes by the ^ radar* technique (using vertically directed beam on 
27 Mc./s.) during the same period. In particular, they compared ths 
occurrence frequencies of the two types of echoes during the Giacobinid 
meteor shower of 9-10 October, 1946, and found that during the shower 
period the frequency of the transient echoes, as also that of the Eg echoes 
increased enormously. It has also shown by Pierce [201] that during this 
shower reflecting ion clouds were produced, which lasted for some hours* on 
a frequency of 3*5 Mc./s. Appleton and Naismith [196] have also shown 
that the seasonal variation of transient meteor trail echoes follows a trend 
very similar to that of the occurrence of Eg. However, these flndings are 
questioned as a result of statisjtical analysis of observational data on meteor 
trail echoes as recorded at the Central Radio Propagation Laboratory, 
National Bureau of Standards, U.S.A. [202]. The echoes as observed on 
27-2 Mc./s. have been compared with the incidence of long duration Eg 
echoes over the period — ^November, 1948 to April 30, 1949. From the 
diurnal variation curves of the two phenomena it is concluded that occur- 
rence of Eg is not related to meteoric activity. Experimental evidence 
is adduced to show that what the previous observers recorded as Eg 
echoes during meteoric showers, were not really so,, but were merely 
reflections from meteor trails picked up by the ionospheric recorders. 
According to these investigations, it is possible to distinguish in ionosjdierio 
records the meteor ionization reflections from the Eg ionization reflections. 
In some of the records true sporadic E*b were obtained at the same 
time as reflections from meteor trails from quite different heights and 
directions. 
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(ii) Thunientarm and barometrie effeett . — has been suggested by 
many ionospherio wmrkers that the abn<»mal increases in Region S oritioal 
frequency (urhich are nour identified with Eg) are in some way associated 
with thunderstorms [61, 207, 208]. Association td i7>abn(»malities with 
the isobario situation near the ground has also been rqwrted by observera 
in the different parts of the world [203, 204]. According to some other 
obserrers, however, evidence of correlation between occurrence of abnormal 
E andthunder8t<»misinoonolusive[206,206]. Notwithstanding these con- 
tradiotoiy results, it should be mentioned that increase in the incidence of 
E, has been found to occur year after year at Calcutta, India during pre< 
monsoon (May, June) and monsoon months (July, August) when thunder* 
storms are very firequent. In what follows we shell discuss two processes by 
which, acc<Hrding to C. T. B. Wilson, a thundercloud may cause increase of 
ionisation in the region immediately below the N*layer [209]. 

A thundercloud is charged positively in its upper and negatively in 
its lower part. Such a cloud has an intense electric field in its interior 
directed downward. For points situated at a distance, the cloud behaves 
like an electric doublet. The.field in the interior as well as the field outside 
due to the doublet may cause increase of ionization. First, consider an 
electron inside the cloud. The electron may be of radioactive (wigin or 
may be one produced inside the cloud by local discharges. The intense 
electric field inside the cloud will drive the electron upwards. Since the 
gain in energy during its travel in the electric field exceeds the loss of energy 
due to collisidn along its path, the energy of the electron will rapidly increase 
and, as has been shown by Schonland [210], may approach a limiting value 
of 5x10* eV. A stream of such ‘run-away’ eleotroiu moving upwards 
past the upper boundary of the cloud will in general be attracted back 
towards the cloud )>y t^ strong upwardly directed field of the donUet. 
But when a spark discharge occurs the retarding field is destroyed and the 
spray of ‘run-away’ electrons moves upward with tremendous velocity. 
Depending upon their initial velocity these will either be bent down by the 
earth’s magnetic field or reach Region E. In the latter case the mn*away 
electrons would be able to affect the ionization-of Region E, 

Secondly, the electric field due to the cloud-doublet mq^t be so intense 
in the nei^bonrhood of the lower boundary of Region E that an electron 
accelerated by the field is able to produce electric discharge in this region. 
We can easily estimate the field of the charged cloud to see if increase of 
ionization by this process is possible. The electric moments of thunder- 
clouds have been estimated by various workers. In South Africa, Sohonlaad 
obtains the value 3x10^* e.s.u. while in South-East Eitgland, Applet<m, 
Watson Watt and Herd [211] obtain the value 2x10^7 e.8.u. In sub- 
troj^cal regions where the abnormal increase of critical frequency in 
■ mtinmir nionths is very marked the value of the electric moment of thunder* 
doads may be as great as 6x 10^* e.s.u. The electric field of such a dond 
will be about 6 volts/om. at a height of 80 km. IVee eleotroiu, if present 
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at 8uoh heights, will be acted upon by this field. Now, the pressure at a 
height of 80 km. is known from various considerations to be of the order 
10** mm. Since the mean free path 1 of an electron at such pressure is 
3-2 cm. approximately, the energy gained by the electron will be about 
19 eV. This is just sufficient to ionize by collision the oxygen and 
nitrogen molecules present in the region concerned. It may also be 
noted that the free paths of some electrons will be much greater than 
the mean free path. Such electrons need move in a field of corres- 
pondingly lower intensity to acquire the energy necessary for producing 
ionization. 

Besides these two processes a third possible process has been discussed 
by Bailey and by Healey [212]. The electric discharge of a thundercloud 
causes radiation of electromagnetic energy (e.g., atmospherics). It is shown 
that the intensity of such radiation field maybe sufficiently strong to produce 
increase of ionization in the upper atmospheric regions where coUisional 
frequency is less than 10* per sec. 

(iii) Solar eorpuadea . — ^In high latitudes near auroral zones there is 
another agency, a cosmic one, namely, fast charged particles emitted by 
the sun, which is known to produce abnormal effects in the ionospheric 
regions. These will be discussed in sub-section (/). 

(c) Scattering of. radio waves by ionospheric irregularities 

The irregularities and unevenness in the ionization of the i?-layer are 
known to scatter radio waves incident on them. Two types of scattering 
may be distinguished. First, back-scattering of waves as pierce the ion 
clouds (on account of the higher wave-frequency) and second, refiective 
scattering or diffractive refiection of waves (of frequency less than penetra- 
tion frequency) from the irregularities. The latter type of scattering is 
known to produce fading of single down-coming signals. 

(i) Back-scaUering . — Careful observations show that the ‘skip zone’, 
that is, the region extending from the neighbourhood of a transmitter to 
the point where the indirect ray first comes down to the earth, is not a 
zone of complete silence for a powerfrd transmitter. Due to scattering in 
the ionosphere steady signal of moderate intensity appears within the 
zone [213]. Tfye phenomenon was first studied by the Trans-Badio Company 
of Berlin in collaboration with the British Post Office on wavelengths 14 
to 60 m. Eckersley [108, 214] appears to be the first to make a detailed 
study of the phenomenon and locate the ionospheric region wh to the 
scattering takes place. He employed powerful ‘pulsed’ transmission both 
omni-directional and beam and observed the scatter echoes with the con- 
ventional cathode ray oscilloscope display. The receiver was placed not 
fisr from the transmitter. The usual echo pattern obtained with such 
arrangement is shown in Fig. 76. The ground pulse'O is followed by two 
groups of echoes, one at P and the other at iS having aleadingedge Q. These 
grou]^ are usually referred to as sAort-scaUer (abbreviation of short-delay 
21 
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Fio. 76. Echo pattern due to scattering of radiowaves from the ionosphere, 
(^--ground pulse ; 8 — scattered echoes. 

scatter) and long-scatter (abbreviation of long-delay-scatter). The short- 
scatter appears intermittently, mostly as discrete peaks for a fevr seconds 
at a time at distances of 80-300 km. The long-scatter pattern appears as 
a persistent, * boiling’ assemblage of peaks at equivalent paths varying 
from 600 to 2500 km. according to the ionospheric condition. The origin 
of the short-scatter is now universally recognized as back-scatter from 
irregularities near Ar-layer (see Fig. 77). Regarding the long-scatter, the 



Fxq. 77. — ^Illustrating sources of back-scattered echoes. Ionospheric scattering occurs 
at irregularities at the E-region. Scattered echoes of long-delay are generally 
ascribed to bei^k-scattering, at ground, of waves reflected from the F-layer, 
though, there may also be back-scattering by the E-layer irregularities. 

consensus of opinion is that it is due to back-scatter from ground returning 
to the receiver via F-layer (Fig. 77). However, observations by Silberstein 
(operating on 13-66 Mc./s. with peak-pulse input 770 kw.) show that though 
most of the long-scatter is due to scattering at the ground, there are occasions 
when back-scattering from the more distant point of the E-layer is also 
observed [216]. According to Eckersley and Farmer [108] each echo is 
due to superposition of scatterings from a number of ion clouds and not due 
to scattering from a single cloud. This conclusion is in accordance with 
the hyp ^thesis that the ionization close to the E-layer is *patchy ’. 

Observations at Lindau, Germany, by Dieminger during 1047-48 using 
high power transmitters (10-20 kw. and 100 kw.) also showed that the 
long-scatter echoes are due to back 'ground-scattering of down-coming 
waves via Erlayer and not to scattering in the E-layer [216]. Scatterings 
from the E and Ei layers were also observed. The reason why no scattering 
is obtained from the E-layer is that on account of large mean path and high 
temperature the rate of diffusion is much larger than in the E-layer. Any 
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local irregularity or * patch’ formed has little chance of persisting as such 
for any length of time, being diffused away soon after they are formed. 

The characteristic grouping of the long-scatter echoes is ascribed to two 
focussing effects [217]. One, ‘angle-focussing’ effect caused by the earth - 
curvature of the J^-layer, the other, ‘time-delay focussing’ caused by the 
ground back-scatter signals from a wide range of ground distance tending 
to arrive (due to the refraction characteristic of a parabolic gradient of 
ionization) within a narrow interval, producing a ‘bunching’ in time. 
Peterson [217] has studied theoretically the two focussing effects and has 
shown that combination of the two sdelds an intensity distribution which 
agrees fairly well with the observed intensity pattern of long-scatter echoes, 
namely, a maximum in the distribution and a leading edge. 

Another type of echo, called ^-scatter is also reported on frequencies 
much higher than the jF-layer critical frequency [216, 218]. They disappear 
‘gradually on increasing the frequency without much. alteration in height 
and appear to come from virtual heights 800 to 1200 km. According to 
Bivault [218] this scattering is associated with znagnetically disturbed and 
meteoric shower periods. Dieminger [216] is of opinion that this type of 
scattering is similar to scattering as observed regularly at Huancayo [210] 
and may be attributed to ‘simultaneous reflections on normal ionospheric 
layers and a disturbed belt to the north of the observing station.’ 

(ii) Reflective acoRering , — ^We now consider the other type of scattering, 
which maybe called reflective scattering or diffractive reflection. Such 
scattering manifests itself by the fading of single down-coming waves. 

It is common experience that fading of indirectly received signals 
occurs even when there is only one down-coming wave (i.e. there are no 
multiple waves due to multiple hops or to magnetic splitting) and there is 
no ground wave of appreciable strength. Fading of such single down- 
coming wave is ascribed to irregular reflections from a wavy uneven * bottom ’ 
of an ionized layer. Due to irregular reflections the single wave received at 
a point cannot be considered as a beam reflected from a smooth mirror-like 
surface, but as a cone of rays (divergent or convergent) returned by diffuse 
scattering. The intensity of the wave is different at different neighboring 
points and there is a sort of diffraction pattern of the received signal on the 
ground. If the ionospheric irregularities are fixed in space and time, then 
the resulting diffraction pattern on the ground is also fixed in space and 
time and there is no fading in a stationaiy receiver. Two extreme cases 
may now be imagined. The irregularities — the scattering centres — ^instead 
of being fixed, may be imagined to be moving as a whole in an orderly 
fashion in a particular direction, say horizontally. The diffraction pattern 
on the ground will then be moving past the fixed receiver and there will be 
fluctuations of the signal strength or fading. We may also imagine that 
the scattering centres are moving in a completely random fashion. In this 
case the diffraction pattern will be continuously changing and there will 
again be fading of the received signal. In this case, however, the fading is 
complicated by the fact that there will be Doppler shifts in the frequency 
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of tho down-coxning waves due to the motions of the soattering centres 
having components in the line of sight [220]. 

It is possible by statistical analysis of fading records in spaced receivers 
to distinguish between the two types of fading [221]. There is also the 
possibility that the observed signal intensity, at any instant is not wholly 
due to irregular scattering, but partly to specular reflection. The percentage 
of such contribution may also be determined by statistical analysis [222]. 
Signiflcant departures from the observed probability distribution of 
amplitude from the Rayleigh law (which applies to random distribution of 
the scatteiing centres) have been observed by workers in India [223, 224, 
224a]. Such departures have been ascribed to the existence of (either 
or both) steady drift and specular reflection. 

Statistical analysis of the fading records made in three receivers placed 
at the comers of a right-angled triangle also enables one to determine, (a) the 
steady velocity of the ‘diffraction’ pattern over the ground, and, hence, the 
velocity of the scattering centres ; (6) the rate at which the diffraction pattern 
is altering as it moves ; (c) the size of the irregularities in the pattern [225]. 
In Sec. 14 we shall describe in some detail the experimental arrangement 
as adopted by S. N. Mitra to determine the horizontal velocity of the 
scattering centres. It is interesting to note in this connection that sporadic 
E, as recorded in collaboration with amateurs all over the U.S.A., showed 
that the reflections came from the localized patches which moved in definite 
directions [219]. 

(iii) Theor^icdl study . — ^The problem of scattering by ionospheric 
irregularity has also been studied theoretically. Scattering by a single 
region of inhomogeneity — a long thin cylinder of ionization as produced in a 
meteor trail — ^has been studied by Blackett and Lovell [227] and has been 
referred to in Chap. IlIB, Sec. 4. 

Booker has exunined closely the problem of soattering by the sporadic 
i2r-region and has developed a theory based on some earlier work of Booker 
and (Gordon [228, 229]. The theory can also be applied to the irregularities 
in ionosphere produced during auroral activity and during magnetic storm. 
The most important deduction of the theory is that the wavelength at which 
Ei echoes disappear is determined by the scale I of the fine structiure as used 
in the theory of turbulence (critical wavelength A = 4irl) rather than by 
the electron concentration. Starting with longer waves it is found that as the 
wavelength is decreased, the scattering is omni-directional and the echo- 
strength independent of wavelength down to about wavelength 4irl. For 
shortOi wavelengths the scattering is predominantly in the forward direction 
and the eleottic field strength of the backward scatter echo decreases 
inversely as the square of the wavelength. There is thus a sudden decrease 
in the strength of the scatter echo (backward) round the wavelength ^l. 
It may be mentioned in this connection that according to Rawer ’s observa- 
tions JSrt shows a marked change of reflection coefficient with frequency, 
which is not expected from regular reflection from a continuous layer 
12301. 
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In order that the deductions from the theory may fit the observations 
it is necessary that the statistical departures of the electron number density 
should vary from a few per cent to about 30 per cent from the mean. How- 
ever, it is found that, fortuitously, the MUF for communication to a distance 
via Eg is very similar to what is expected from the usual calculations from 
the maximum electron number density instead of the fine structure scale I. 

According to Booker scattering in the ^-region may produce ionospheric 
twinkling in the intensities of radio signals as received at the ground from 
gallactio sources. 

(d) Sudden Ionospheric Disturbance (S.I.D.) — ^Radio Fade-out 

Sudden and intense increase of ionization in the ionosphere is found 
to occur simultaneously with solar fiares — appearance of bright spots on the 
solar disc. The increase causes weakening and, in the extreme cases, com- 
plete 'fade-out’ of radio signals over the sun-lit portion of the hemisphere 
on short and medium wavelength. The fade-out may last from a few 
minutes to an hour or so. The main features of the fade-out phenomenon 
were first ascertained by Mogel between 1927-30 and attention to it was 
redirected by Dellinger in 1935 [213, 231]. The phenomenon is thus also 
known as the Mdgel-Dellinger effect. 

During the fade-out period the values of terrestrial magnetic elements 
as well as those of the earth-currents are found to undergo sudden 
changes. The word 'fade-out’ refers only to short and medium waves; 
for the long waves the enhanced ionization causes an increase, instead of 
a decrease, in the signal strength. It may be recalled here that a possible 
relation between bright solar eruption and sudden variation of terrestrial 
magnetism was hinted long ago by Carrington when on September 1, 1859, 
at 11 a.m., he observed visually patches of intensely bright and white 
light on the solar disc while watching sunspots. Magnetogram records at 
the Kew Observatory showed simultaneously sudden jumps in all the 
three magnetic elements. The observation excited considerable interest 
at that time but was later neglected as it was thought to be a spurious 
coincidence of solar eruption and magnetic disturbance. 

The most natural explanation of the radio fade-out is that the bright 
chromospheric eruptions of the sun send out extreme ultraviolet radiation 
which penetrates into the lowermost levels of the ionosphere and causes 
increase of ionization in the region where coUisional frequency is large. 
This region thus becomes a strong absorber of short and medium radio 
waves. The increased conductivity following the increased ionization 
enhances the dynamo effect [Chapter VII, Sec. 5] and thus intensifies the 
diurnal variation of the magnetic elements. 

The simultaneity of solar, magnetic, earth-current and radio effects is 
pictured in Fig. 78 (Plate III) which depicts records of ionospheric, 
magnetic and earth-current measurements at Huancayo and spectro- 
heliograms taken at Mount Wilson Observatory on April 8, 1936. The 
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phenomena deleted in the figure may perhaps be best described in the 
words of MoNish [232]: 

‘Routine observations with the speotroheliosoope were in progress at 
the Huancayo Observatory at the Carnegie Institution’s Department of 
Terrestrkd Magnetism at this time. The observer on duty noticed a 
remarkable brightening of the jET-alpha light in the region of a large sunspot, 
beginning at 16 h. 45 m. Q.M.T. This eruption was accompanied by 
certain terrestrial phenomena as shown in Fig. 78 (Plate III). The 
speotto-heliograms shown in the figure were made at Mount Wilson before 
the eruption, while the eruption was at its maximum, and after the 
eruption had subsided. They show the brightening of the sunspot, 
although high contrast of the negatives used permits little discrimination 
regarding intensity. The observers at Huancayo reported that from 
the viewpoint of extent and intensity this was the most spectacular 
eruption which had been witnessed at .the observatory since begimiing 
routine observations with the spectro-heliosoope a year before. 

‘Ignorant of the solar fireworks in progress, the radio operator at. the 
station, who was engaged at the time in making measurements on the 
ionosphere, found it impossible to receive reflections on any frequency and 
began to search for defects in his equipment. Finding none, observations 
were resumed. The disappearance of these echoes and their subsequent 
return 66 minutes later are illustrated at the top of Fig. 78 (Plate III). 
The sudden changes in the terrestrial magnetic variations and in the 
earth'Currents which are continuously registered at the Observatory are 
conqpicuous in the records at the bottom of the figure. It may be noted 
that ail the terrestrial effects began at 16 h. 46 m., one minute after 
bri^tening became perceptible in the sunspot-region.’ 

We dtall now., discuss the various atq>eots of the phenomena in smne 
detail. 

(i) Badio effeeU . — The most spectacular aspect of the radio effects is, 
as already mentioned, sudden cessation of wireless traffic on the sun-lit 
portion of the earth on short and medium waves. We give below results 
of other observations on radio wave propagation during solar flares. 

It has been found that during a solar flare there is, on all observed 
wavelengths, a lowering of the virtual height of reflection. This is revealed 
by a sudden change of phase of the sby wave. This phase change (usually 
called sudden-phase>anomaly— S.P.A.), has been studied in great detail for 
very-long-waves (16 ko./a.) in England [232a, 233]. The average lowering of 
the virtual height of reflection is 4 km., but may even be 16 km. It has been 
found that the S.P.A. is very sensitive to the occurrence of solar flares and, 
in fact, provides a much better index of such occurrences than the ‘£ade-out ’ 
which is observed only when the flare is intense. The anomaly lasts over 
a time of several minutes and is followed by a recovery which takes about 
three times as long. 

Unlike the phase anomaly effect, the effect on the intensity of the 
reflected wave during a solar flare is not the same for all wavelengths. It 
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Fiu. 78. Radio fade-out and associated phenomena. Note the simultaneity of break 
in ionospheric record and onset of disturbances in terrestrial magnetic and earth- 
current records associated with bright solar eruption. Records made on April 8, 
1936, 16 h. 46 m. G.M.T. 

The increase in the value of the terrestrial magnetic field is ascribed to 
enhanced intensity of the Sq type of upper atmospheric electric current system. 
[See Chapter VII, Sec. 3(c)]. (After McNish.) * 
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depends both upon the wavelength and on the angle of incidence on the 
ionosphere. For very-long-waves (16 kc./s.) at moderately steep incidence 
the intensity of the sky-wave is hardly, if at all, affected [233, 146]. If, 
however, the incidence be very oblique then according to Bureau’s observa- 
tion there is an increase in the field strength [234]. It has also been found 
tliat atmospherics (which are known to possess a quasi-periodicity of the 
order of a thousand cycle per second) of distant origin increase greatly in 
number during a fade-out [234]. 

For long waves (frequency of the order 100 kc./s.) it is found that for 
steep angle of incidence there is a decrease in intensity [235]. But, for 
oblique incidence (transmission over 1000 km.) there is considerable increase 
in the reflection coefficient [235]. Measurements show that in such cases 
the intensity of the sky wave may be as much as one-half of that of the 
ground wave, though ordinarily its value is only about one-fifth [236, 237]. 
The interference of the ground wave with the sky wave of enhanced intensity 
produces fluctuations in signal strength during a solar flare, as the effective 
height of reflection falls and rises decreasing and increasing the path 
difference [238]. 

On higher frequency (2 Mc./s.) for both vertical and oblique incidence 
there is a decrease in signal intensity, i.e., the fade-out effect [239]. 

Fig. 79 shows the simultaneity of sudden decrease in short wave signal 
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Fio. 79. — Illustrating the simultaneity 
of sudden dceroase in the signal 
strength of short wave (Leipzig, 
9*732 Mc./s.) observed at Bagnoux, of 
increase in the number of atmos- 
pherics (recorded on 27 kc./s.) at 
Poitiers and of sudden phase anomaly 
of down -coming very-long-waves (16 
kc./s. from G.B.R. Rugby) observed 
at Cambridge, England. (After 
Bracewell and Straker.) 


strength (Leipzig 9*732 Mc./s.) observed at 'Bagneiix, of increase in numbers 
of atmospherics (recorded on 27 kc./s. at Poitiers) and sudden j)lutsc anomaly 
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of down-coming very-long-wave (16 ko./s. from G.B.R, Rugby) observed at 
Cambridge, England [233]. 

Radio effects in the jP 2 -layer during a fade-out are not so marked as in 
the lower regions. A slight diminution in electron density accompanied by 
an increase in the virtual height has been reported [240]. Further, the 
change in the F^-region begins to occur almost simultaneously with the 
chromospheric eruption, though, the fade-out effect usually occurs after the 
commencement of the same. According to Becker and Dieminger [241] 
the effective recombination coeflScient in the Ff-region during fade-out 
may be as large as 1-9 X 10-i0cm.«/s. The ion-production in the beginning 
of the effect may be double that of the nonnal ionizing rate. 

Ionospheric effects of solar flares are regularly reported by the Research 
Laboratory of Electronics, Chalmers University of Technology, Gothenberg, 
Sweden, ^National Research Council, Ottawa, Canada, and the Central 
Radio Propagation Laboratories, Washington. 

(ii) Origin of t?i6 svdden ionospheric disturho/ncts , — There is little doubt 
that the sudden ionospheric disturbances are caused by intense ultraviolet 
radiation (emitted during solar flares) penetrating deep into the atmos- 
phere and increasing the ionization in the lower absorbing regions of the 
ionosphere. It is clear that the radiation must be such as to be able, on the 
one hand, to ionize one or other of the atmospheric constituents in this 
region and, on the other, must have sufficiently small absorption coefiicient 

to reach such low regions as 60-70 km. 

Regarding the probable wavelength of the active radiation we first 
note the following. During a solar flare the visible Balmer line of h} drogen 
Hql is found to be emitted with great intensity. Measurements also show 
that the width of the Hol line during a flare varies in a characteristic manner 
which bears a close relation to the intensity of the flare [242, 243]. Also, 
it htas been found that the behaviour of the Htx, line width during a flare 
shows great similarity to the time-variation of the phase changes of the 
down-coming very-long-wave, i.e., of the virtual height of reflection, which, 
in a sense, may be taken as a measure of the variation of the ionization 
density during a flare [233]. 

Now, it is reasonable to suppose that during a flare, along with Hd line, 
the Lyman lines of hydrogen in the extreme ultraviolet. Let 1215 A., 

1026 A., Ly— 973 A., etc., are also emitted vriih great intensity and that their 
intensities vary in a manner similar to tliat of Hci- Hence, in view of the 
close correspondence between the intensity variation of the Hci line and of 
ionization density as noted above, one may reasonabh suppose that one 
or other of the Lyman lines is the active ionizing agent during a solar fl.are. 
The wavelength of the actual line must, of coiuse, be below the oiitical 
ionizing wavelength of the atmospheric gases and must also, .at the same 
time, have sufficiently low .absorption coefficient to enable it to penetrate 

into the atmosphere down to 60-80 km. 

Regarding the atmospheric constituent affected, it has been suggested 
that Oo may be the active gas [129a]. Since the ionization i)otcntial of Og 
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is 12*2 eV (the corresponding wavelength being 1019 A.) it is clear that 
neither Za nor Lf can be effective. Ly (973 A.) can therefore be the active 
radiation. And, as its absorption coefficient is relatively feeble it will be 
completely absorbed only after it has penetrated down to a considerable 
depth below region E. Calculation by Mitra, Bhar and. Ghosh [129a] on the 
assumption that the absorption coefficient of O 2 for this radiation is only 
one-thousandth of that of A 770 (corresponding to the second ionization 
potential) shows that the maximum ionization due to this radiation occurs 
at a height of about 55 km. With the assumption of a higher absorption 
coefficient the maximum would necessarily be higher. 

It may be noted that records of sudden ionospheric disturbances (as 
revealed by increase in the number of atmospherics) show that their 
frequency increases and decreases with the 11 -year solar cycle [234]. 

‘ (s) Ionospheric storms 

Sudden changes in the jF' 2 -f egion of the ionosphere (consisting generally 
of a depression of the ionization density and increase of the virtual height) 
associated with terrestrial magnetic disturbances are known as ionospheric 
storms. These storm-time changes may be contrasted with the S.I.I). 
discussed above in which the lowermost regions of the ionosphere are mainly 
affected and which are associated with solar dares. The ionospheric storm 
effects are dependent on the latitude — ^magnetic rather than geographic. 
The following remarks regarding the latitude distribution of the ionospheric 
storm characteristics are from analysis of world-data made by Appleton 
and Piggott [149]. 

In high latitude the F 2 -l^yeT critical frequency is depressed with the 
onset of geomagnetic disturbance. As soon as the violent perturbations of 
the geomagnetic field subside the critical frequency recovers its normal 
value. These effects are characteristic of the auroral-type conditions and 
may be designated as QM. negative phase — Q.R. stending for ‘quick 
recovery*. (Other effects on ionospheric conditions at auroral latitudes, 
associated with geomagnetic disturbances will be discussed in the next 
sub-section.) 

In temperate latitudes there is a different type of ionospheric storm 
manifestation. This is depicted in Pig. 80. In drawing the curve, days of 
major depression of the ordinary ray critical frequency associated 

with geomagnetic disturbance are taken as the reference (zero) days. For 
a number of days before and after zero days, as also for the zero days, the 
average departures of pF^ from the months’ mean noon values (denoted 
by £iPF 2 ) are plotted. It will be noticed that pF^ has been significantly 
above the average for two days. This positive-negative sequence may be 
called a ‘bi-phase’ disturbance. The slow process of recovery, in contra- 
distinction to the quick one mentioned above, znay be called 8,R, negative 
phase — S.R. standing for slow recovery. 

In an equatorial station there are comparatively few days in which 
there is a sudden drop in PF^ value. If, however, storm days of the 
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Fio. 80 « — ^Illustrating variation of 
(average departures of 
from the month’s mean noon value) 
with the day-numbers of magnetic 
disturbances. (The data are for 
temperate latitudes.) The days of 
major depression of the ordinary -ray 
critical frequency associated 

with geomagnetic disturbances are 
taken as the reference zero days. 
(After Appleton and Piggott.) 


temperate latitudes are selected, and, if for these days superposed-epoch 
curve (with the equatorial station data) is drawn, then it is found that 
there is a well-marked positive phase, coinciding roughly in time with the 
negative phase in temperate zone. 

As already. mentioned, the type of storm which a given station ex- 
periences is correlated more to the magnetic than to the geographic latitude. 
But, even for the former, the connection is rough. For example, Washington 
(magnetic latitude 50® N.) behaves mostly like an auroral zone type station, 
but Leningrad (magnetic latitude 49® N.) is predominantly non-auroral. 

In Chap. VII we shall refer to magnetic storms of a world-wide character 
which commence suddenly. It has been found that on many such occasions 
a rapid depression of occurs followed by a short positive phase. This 
is a characteristic of only temperate and higher latitude stations. 

According to Appleton and Piggott ionospheric storm phenomena 
contribute substantially to the general variability of the jP 2 -layer. 

An interesting effect on the ^-region during the severe magnetic storm 
of May 11-13, 1949, which ha.s been reported from Stanford, California, 
U.S.A. [192] may be mentioned here. It was observed tliat reflections from 
the jj^-region (on 850 kc./s.) suddenly disappeared for periods lasting 10-15 
minutes. Two such ‘voids’ in the h'-t trace occurred in course of the 
storm. The first, during the ‘mild phase ’ about 21 hours before the ‘sudden 
commencement’ and the second during the ‘turbulent phase’. On both 
occasions, following the ‘voids’, the reflecting E-layer, reappeared on the 
h*-t trace in their original form. It appears, as if, there are present during 
ionospheric storms some agency which can affect E-region ionization 
without distiurbing the E-region and. also, some otlier agency wiiich reforma 
the E-region in course of a few minutes. 
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</) Abnormalities near auroral zones 

Observations show that ionospheric conditions near auroral zones 
(round magnetic poles) differ markedly from those at low and temperate 
latitudes. This is ascribed to two causes: First, the diurnal and seasonal 
variation of the illumination of the high atmosphere by solar rays is quite 
different in such regions from that at lower latitudes ; for periods extending 
over months the overhead atmosphere may be totally devoid of solar rays 
or illuminated only by oblique rays from below the horizon (see Appendix, 
Sec. 1). Secondly, the incidence of charged solar corpuscles, as cause 
aurorae and magnetic storms, affect the ionization of polar regions. 

Some general features of the ionosphere near auroral latitudes may 
first be mentioned. In such latitudes, even the calmest days appear as 
disturbed in comparison to magnetically quiet days at lower latitudes. 

• Abnormal condition of the ionosphere may thus be regarded as almost the 
normal feature of the ionosphere. Complete cessation or "black out’ of 
echoes on all wave frequencies is of coxumon occurrence. 

The remarks on ionospheric conditions in auroral latitudes that are 
to follow are taken mostly from observations made at three high latitude 
stations : Tromso (69"* 39' N., 18° 56' E.), East Land (80° 23' N., 19° 31' E.) 
and College, Alaska (64° 41' N., 148° 25' W.) [120, 245, 246]. 

(i) Diurnal and sectsonal variation of ionization on magnetically quid 
days, — During the period when the upper atmosphere is illuminated (e.g. 
during summer solstice), the average diurnal Variations, for magnetically 
quiet days, of E, Fi and F 2 -regions are, in general, similar, with certain 
minor differences, to those observed at lower latitudes. During the dark 
period the diurnal variation of the F-region can only be observed. It has 
a minimum soon after midnight and maximum just before local noon. 
F-echoes during winter nights are attributed to formation of sporadic 
F-layers, it being suggested that the agency which produces F-echoes in the 
polar nights also cause increase of F-critical frequency in winter nights in 
middle latitudes [245]. 

The average seasonal variations of the E and Fi layers for the mag- 
netically quiet days appear to follow approximately Chapman’s relation 
(Eq. 129). In Fig. 81 the continuous line curves depict the seasonal 
variations of ionization of the E and Fi regions at Tromso as expected 
according to Eq. (129) [120]. It will be noticed that the ionization value 
drops and rises abruptly in the months of November and January respect- 
ively marking the beginning and the end of the period of darkness. The 
dots and circles, representing the observed values of the critical frequency for 
the E and F^ regions respectively are seen to group round the theoretical 
curves showing that the average seasonal variation of ionization on magnet- 
ically quiet days follows the Chapman relation. It will be noticed, however, 
that even during the period of total darkness, when, according to theory, the 
ionization should disappear completely, sporadic F-echoes have been obtain- 
ed and that the critical frequency has sometimes been as high as 1*6 Mc./s. 
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Fig. 81. Observed and calculated 
values of ordinary ray critical 
frequencies at noon at Tromsd, 
•Norway. (After Appleton, Nais- 
mith and Ingrain.) 


No pronounced seasonal variation 
the 1*2 (noon)-ionization is observed 
owing to the extreme variability of the 
ionization. It should be noted, however, 
that in common with the seasonal varia- 
tion of at lower latitudes, two 
maxima — one at the vernal and the. other 
at the autumnal equinox-^re observed. 
The Tromso observations during the polar 
year 1932-33 show that the sporadic E 
might be so persistent during mid- 
summer that the diurnal variation of F- 
ionization cannot be observed [120, 247]. 

(ii) Mctgnetic activity and ionospheric 
reflection conditions . — ^Ionospheric reflec- 
tion conditions in auroral latitudes, asso- 
ciated with magnetic activity, may be 
summarized thus [120] : 

The echoes are complex in nature 
and are variable in intensity. Just before 
a strong magnetic disturbance the com- 
plexity increases to such an extent that 
it becomes practically impossible to 
distinguish between E- and J^-echoes, 
there being only a blurred pattern indi- 
cating reflections from heights of 100 km. 
and upwards. 

At every magnetic disturbance the 
reflection coei&cient becomes abnormally 
low. If the storm is intense, the reflec- 
tion coefficient falls to such a small value 
that there is * black-out’ of the echoes on 
the usual range of wave frequencies. 

Oitical frequencies of the E, Fi and 
F^ regions show, in general, an inverse 
relation with the magnetic character 
figure, i.e. the higher the character figure 
the lower the critical frequency. Such 
inverse correlation has also been observed 
in regard to the winter thickness of the 
jP-layer in high latitude stations [244]. 
Weak magnetic disturbances are always 
found to be associated with sporadic E^ 
reflections. 

The sequence of the effects men- 
tioned above may be thus described 
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when a storm is in progress: Just before the beginning of a storm, the 
echoes become diffuse and scattered. JF'-critical frequency begins to 
decrease while sporadic ^-echoes appear. The intensity of the echoes, 
however, decreases rapidly. With the progress of the storm persists 
on higher and higher frequencies and J*-reflection ceases. When the 
perturbing magnetic vector increases to its maximum value the black-out’ 
condition sets in and usually lasts for nearly an hour afterwards. There is 
almost invariably a black-out condition on the day following a night storm 
even though the disturbing magnetic element has resumed its normal value. 

According to observations by Wells [246] there is a direct relationship 
between occurrence of the ‘bay’ typo of magnetic disturbance (see Chap. 
VII, Sec. 8(a)) and increase of ionospheric absorption in auroral regions 
leading to radio ‘black-out’. Magnetic bays frequently run in series of 
two to five days, the time interval being close to 24 hours. These ro- 



Fio. 82. — Illustrating how, at auroral 
latitudes, occurrence of magnetic 


currences of magnetic ba 3 rs are always 
accompanied by the radio black-out 
phenomena (see Fig. 82). There is also 
a close correspondence between the 
occurrence of polar black-outs and 
polar sporadic J?-ionization. 

According to analysis carried out 
by Nagata the electron concentrations 
in the E and D layers in the auroral 
zone are increased during periods of 
magnetic disturbance by a few ten- 
times of those during calm period [141]. 

The magnetically disturbed condi- 
tion of the ionosphere in auroral 
latitudes has its effect on long distance 
radio transmission. If the trans- 
mission path (the great circle joining 
the transmitting and the receiving 
stations) pass through the magnetically 
disturbed zone — a circle of radius 
about 30° round the magnetic poles — 
the service is found to be very poor. 
In fact, it has been observed that the 


bays is accompanied by the decrease further the transmission path lies from 

blackout). niagneticaUy disturbed zone the 
(After Wells.) , .. 

better is the reception. 


14. WINDS, TIDES AND TRAVELLING DISTURBANCES IN THE 

IONOSPHERE 

(a) Introduction 

In Chapter II we have shown how motions due to tidal forces extend 
into the high regions of the atmoqihere. As such, the ionospheric regions 
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participate in these motions [248] . It is, however, now generally recognized 
that in the high atmospheric regions, there exist, besides motions due to 
tides, motions due to pressure gradients caused by temperature inequalities. 
It has, in fact, been suggested that there are, resembling the general circula- 
tion in the lower atmosphere, circulatory motions between the E and 
F layers [249]. However, such thermal circulatory motions in the high 
atmospheric regions still remain to be explored with the same amount of 
detail as in the tropospheric regions. 

In the present section we shall first discuss the evidence and the 
measurement of winds near the jE7-region. (It is not yet established if these 
winds are caused by tidal forces or by thermal inequalities.) Effects of 
tidal motions on the variations of the ionospheric parameters V (height 
of the bottom of the layer), (height of maximum concentration 
of the layer) and /o (vertical incidence critical frequency of the layer), 
will then be discussed. Such effects are particularly noticeable in the 
f 2 -i^egion where, on account of the rarity of collisions, the motions of the 
ions and electrons, as would otherwise be produced by the tidal forces alone, 
are profoundly modified by the terrestrial magnetic field. Finally, we shall 
discuss the case of travelling ionospheric disturbances in which some 
characteristic feature of ionization (e.g. a characteristic hump in the V-t 
curve) appears to travel as a disturbance wave from over one observing 
station to another. 

(6) Winds and wind velocity measurement 

The most direct evidence of winds in the ionospheric regions are those 
furnished by the motions of the so-called noctilucent clouds and the drift 
of long enduring meteor trails. 

The noctilucent clouds are observed in high latitudes some hours after 
sunset or before sunrise being illuminated by the rays of the sun from below 
the horizon [260] (see Fig. 83, Plate IV, facing p. 327). They were first 
recorded by Jesse in 1890 [251] and have since been observed on many occa- 
sions in northern and southern latitudes, always in the summer months in the 
place of observation [251a]. The origin of these clouds is still uncertain. 
According to one hypothesis they are composed of ice crystals (and, hence,, a 
low temperature is postulated in the region of occurrence) ; according to 
another, they are due to the cosmic dust produced by violent volcanic erup- 
tions like the Elrakatoa or, by fall of large meteorites, e.g. the Great Siberian 
Meteorite (Ohap. II, Sec. 4). The heights of the clouds have been measured 
by observing them firom two stations by the method similar to that of the 
auroral height measurement (see Chap. VIII, Sec. 2(5)). The heights are 
found to lie within a rather narrow range between 74 km. and 92 km., the 
average being 82 km., i.e. somewhat below the jEr -layer. The velocities vary 
within wide ranges. According to the earlier measurements of Jesse the 
velocities, varied between 100 and 300 m./s. The directions were mostly 
from ENE. According to measurements of Stormer made in 1932 in 
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Southern Norway, the clouds were found to move from NNE with velocities 
between 44 and 55 m /s. [250]. 

As already mentioned visual observations on meteor trails give evidence 
of high wind velocity in the region 80-120 km. Method of measuring the 
wind velocity by observations on the meteor trails by the radar technique 
(see Chap. TUB, Sec. 5) has been developed [2515]. 

A simple ionospheric evidence of wind in the £-region is the similarity, 
with a time lag, in the echo-patterns recorded at two receivers situated 
some distance apart [262, 252a]. It is natural to suppose that the similarity 
is due to some characteristic ionospheric irregularity ('patches’ or 'clouds’ 
of intense ionization as produce E,) travelling within the time lag interval 
from over one station to the other. In what follows we sliall describe 
briefly an experimental method adopted by S. N. Mitra for measuring 
wind velocity in the JF-region from observations on similarity of fading of a 
•single down-coming wave at spaced receivers [2525]. 

Let a radio wave be incident on the region of ionospheric clouds which 
are assumed to lie in a horizontal plane. The intensity of the reflected 
radio wave as received at a ground station is determined by the effect 
of the superposition of the wavelets scattered from the irregularly distri- 
buted clouds. If the clouds are at rest, then the received signal intensity, 
though var^ang from point to point, will be constant in time at a given 
point. The clouds may, however, be in motion, and, we may imagine 
two extreme cases : Firstly, a steady drift of the clouds as a whole in some 
direction, and, secondly, a wholly irregular random motion amongst them- 
selves. (There may, of course, be combinations of the two motions.) 
In both the cases there will be fluctuation of signal intensity or fading as 
recorded in a receiver. 

For the first case, the fading will be due to the diffraction pattern 
sweeping past the receiver. Simple consideration shows that the velocity 
of the sweep will be twice the velocity {v meters/sec.) of the scattering 
clouds, so that, if there are two receivers, distance d meters ajiart in the 
direction of motion, the fading pattern as observed with the first receiver 
will be repeated in the second receiver after a time interval d/2t; seconds. 

For the second case, the fading will be due to random scattering by the 
clouds in irregular motion. • The fading patterns in the two receivers, in 
this case (provided the two receivers are sufficiently separated) will be 
wholly unrelated to one another. 

S. N. Mitra has studied both t3rpes of fading with spaced receivers 
and from the first deduced wind velocity in the scattering ^-region of the 
ionosphere. He used a pulsed transmitter working on 4 Mc./s. in conjunction 
with three receivers Bi, and R^ placed at the corners of a right angled 
triangle with the arm JSi R 2 pointing north and the arm Ri R^ pointing 
west. The outputs of the three receivers are brought to a central recording 
point so that simultaneous records of the fading of a single pulse reflected 
from the ionosphere are made. If the ion clouds be moving horizontally' 
at a steady rate and if there is no turbulent motion, then the three receivers 
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will record similar bat displaced fading curves. From the time-shift 
between the fading curves of the receivers Bi and B 2 and from that of 
the receivers 1Z| and B^ the north and the west components of the motion 
are obtained. Hence, the direction and magnitude of the velocity of 
the scattering clouds are determined. 

In the experiments which were carried out at Cambridge, England, 
the velocities were found to vary between 20 and 110 m./s., the most 
frequent value being 50 m./seo. The most frequent direction of the 
wind was found to be towards north-west. From a few 24-hour observa- 
tions, a semi-diurnal variation of the direction was obtained. But from 
the meagre experimental results, close agreement between the observed 
variation and the theoretical variation (direction varying nearly uniformly) 
was not obtained. 

Thdse results may be compared with those obtained by other observers. 
Meek in Canada obtained the value of about 100 m./s. [252a]. Pawsey in 
England recorded value of 170 m./s. [253]. The value obtained by the 
Japanese workers is of the order 70 m./s. in night-time, southwards and also 
probably in daytime, northward [252c]. This order of velocity is also 
suggested from consideration of circulatory motion in the ionosphere [249]. 
The velocity as deduced from the tidal pressure oscillation theory is of the 
order 65 m./s. (see Chap. II, Sec. 4). 

It may be noted in this connection that some workers (e.g. Munro 
[263a], Beynon [264], Meek [252a]) have rei)orted motion in the F-region from 
their observations. The possible nature and origin of these motions will 
be discussed in sub-section (c) to follow. 

Measurements on the wholly random motion of the irregularities due to 
turbulence have also been made. The fading curves for such cases, as 
recorded at the spaced receivers are necessaiily uncorrelated. Such fading 
curves have been analyzed statistically [222] after the method of analyzing 
random noise when passed through a Gaussian band-pass filter. It is 
assumed that the power spectrum density of the down coming wave is of 
Gaussian shape, because the velocity distribution of the irregularities is 
also assumed to be Gaussian in the line of sight. The analysis leads to the 
evaluation of the r.m.s. velocity of the irregularities in the line of sight. 
This is found to be 2 to 3 meters per second. No explanation has been 
offered for the existence of such low value of random velocities of the 
irregularities in the ionosphere. McNicol [255] has also reported similar 
observations on the random velocity taking oblique incidence transmission 
into account. 

(c) Tidal Effects in the Ionosphere 

As the ionospheric layers participate in the tidal motions of the high 
atmosphere, it is natural to expect that ionospheric records, if anal 3 rzed, 
would reveal the effects of such motions. This, in fact, is what has been 
found. Analysis of the daily records of h\ An,** ‘'ind has shown that 
their values oscillate with the solar and lunar tides. The motions of the 
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ions and eleotrons as produced by the tidal motions of the air are, as 
already indioated, not simple on aooount of the influenoe of the terrestrial 
magnetio field. The observed variations of ionospheric parameters are, 
therefore, not always easy to interpret in terms of tidal motions. 

A theory of tidal oscillations in the ionosphere, the so-called dectro* 
dynamical theory in which the effect of the terrestrial magnetio field has 
been taken into account, has been developed by Martyn [248, 257, 268, 269, 
260]. According to the theory, many of the observed anomalies in the 
are traceable to the effects of the electrodynamical action. 

In what follows we shall first describe briefly the evidences of tidal 
effects that have been deduced from analysis of ionospheric date. A brief 
aooount of the electrodynamical theory and its consequences will then 
follow. 

The principal ionospheric parameters recorded are h\ &niaz and/’, for 
regions £, Fi and F^. Hourly or bi-hourly measurements of each of these 
date for long periods are necessary for deducing the tidal variations. The 
solar tidal variations are usually much larger than the lunar ones but are 
more difficult to isolate. This is because the solar diurnal ionospheric 
variation has a strong non-tidaM2-hourly harmonic due to the ionizing 
effect of solar rays of 24-hour fundamental periodicity. Lunar ionospheric 
tidal effects, though of much smaller amplitude, are free from these com- 
plications and are easier to deduce. 

(i) Lunar tidal effects . — ^The methods used for the determination of the 
lunar barometric tide and the lunar magnetic variations (Chap. VII, Sec. 4) 
may also be employed for deriving the lunar tidal variations of ionospheric 
characteristics. The solar diurnal variation is first removed from the 
date. They are then rearranged in lunar time reckoned from the lower 
transit. The data for each calendar month are arranged in lunar time on 
one sheet and added up. Selected groups of months are then subjected 
to harmonic analysis. 

As an instance of the analysis of ionospheric data for deducing tidal 
variations, we may refer here to the work of Appleton and Weekes (261) — 
the earliest work of its kind— on the lunar semi-diurnal variation of h*E at 
Slough, England. These authors worked with the date of eleven different 
periods (in the years 1937-38)- each period covering 12-14 days. The height 
measurements were carried out on 1 *8 Mc./s. As this frequency was below 
three-quarters of the critical frequency, the true height was practically 
the same as the equivalent height. The hourly means for the whole period 
of observations were plotted and a smooth curve was drawn through them. 
The departures of the individual readings from this curve were then tabulated 
and subjected to hat monic analysis, which yielded the* components of the 
lunar variations. The nominal accuracy of measurement, which was made 
every quarter of an hour, was 0'6 km. Though the amplitude of the 
variation was comparable with the error of each measurement, a strongly 
marked and statistically reliable semi-diurnal variation was revealed. 
This could be expressed in the form 0-93 sin (2t'-fll2^) km., where V is the 
22 
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lunar hour angle. The maximum is therefore attained about } hour before 
the lunar transit. Eig. 84 shows the semi-diurnal variation of the height 
of the £-layer on the harmonic dial (see Chap. II, See. 2b). It will be 
noticed that the x)oints are closely grouped, so that the probable error drole 
does not enclose the centre of the dial: This shows that the result obtained 
is statistically significant. Further, they lie not far from the point 8^ 
which was derived from an independent series of midday values. 


1200 



Fio. 84 «-— Harmonio dial illustrating lunar semi-diurnal oscillation of the height of 
Region E. (After Appleton and Weekes.) 

Observations at other stations (Canberra, Brisbane [259]) have also 
established semi-diurnal lunar tidal variations of It appears, however, 
that the phase (say the hour of maximum) depends markedly upon the 
latitude. Thus, while the maximum occurs at Slough (51 ^N.) about one hour 
before lunar transit, that at Canbena (35^8.) occurs five hours after the same. 
Tidal variations of (in phase with have also been reported [260]; 
this, however, is not yet well established. 

Lunar semi-diurnal tidal oscillations in the D-region, with maximum 
absorption occurring at 10-9 lunar hours, have been detected by Appleton 
and Beynon [262]. 

Lunar tidal variations of the heights and ionization densities of the 
Fi-layer have also been determined for a number of stations [260]. The 
amplitudes are of the same order of magnitude as those of the £-layer. The 
maximum of these variations occurs 6 hours after lunar transit. Unlike 
that of hj^ the phase of h*Fi variation does not appear to show any regular 
variation with latitude. 

For the Fg-region the lunar semi-diurnal tidal variations are much 
more well-marked than those for the E and Fi regions. Analysis of only 
3-4 years’ data is suificient to reveal the semi-diurnal harmonic [256]. 

It may be mentioned that a lunar diurnal variation of semi-thickness 
of Region F has been reported by Jones and Jones at College, Alaska, 
based on 6 months’ data [263]. The result, however, needs confirmation. 

22B 
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(ii) Solar tidal effeeta.->^]ax tidal variationB for the E and Ft regions 
have not yet been prop^^ derived. As mentioned earlier, they are 
difficult to isolate, being superposed on the much larger semi-diurnal 
harmonic of the solar ionization effect. Further, the aniplitudes of the 
variations are small, being of the same order as the lunar tidal variations. 
Nevertheless, close examination of the E and Fi records reveals certain 
features in their semi-diurnal variations which, according to Martyn, are 
ascribable to tidal effects. 

A simple evidence of the solar tidal motion in the F 2 -region is obtained 
from a study of the times at which A' (or Amu) fo^ this region reaches 
maximum Value in course of the day. From the curves in Fig. 86 it is 
oleMly seen that there are two maxima, one at about midday and the 
other at about midnight. The midday maximum might be ei^lained as a 
heating effect, but it is difficult to explain the midnight maximum as due 
to the same cause. On the assumption of a tidal motion of 12-hour 
periodicity both the midday and midnight maxima are explained. 



LOCAL MEAN im — 


Fxo. 85.— Average diurnal height variation for Region Fg for Calcutta, Delhi and 

Chungking, 1946-48, illustrating solar semi-diurnal tidal oscillation [260a]. 

(AmaxFg for Calcutta and Delhi, for Chungking.) 

Moathly mean hourly values of hfFz (computed from data for a few 
years) show an average periodicity of almost exactly 12 hours. An in- 
teresting point may be noted in this connection. Each maximum shows a 
seasonal swing, the maximum occurring about one hour before midday (and 
midnight) in summer and one hour after midday (and midnight) in winter. 
The fact that in this swing of the maxima from summer to winter, a constant 
time-difference of 12 hours is preserved supports the hypothesis that the 
variations observed are due to tidal effects. 
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Solar tidal effeots in the variation of have also been observed. 

This effaot, however, is generally masked by the large variation due to the 
ionising action of the ultraviolet solar radiation. To observe the effect of 
this tidal motion it is, therefore, advisable to compare the diurnal variation 
of i^niMc at two or more latitudes for which the ionizing term (which is 
proportional to oos^ x) varies little, but for which the tidal term varies 
markedly. This has been done by Martyn, the three stations chosen for the 
purpose being Gape York (11** S.), Brisbane (28” S.) and Canberra A.O.T. 
(35* S.). (AU situated near longitude 140* E.) Similar analysis has also 
been made with records of Calcutta (22-6* N.), Chungking (29*4* N.) and 
Delhi (28-6* N.). (All situated near longitude 100* E.) Li Fig. 86, Curve I 
deinots the differences between corresponding mean hourly values off^Ft 
(which is proportional to Calcutta and Chungking. Curve n 

d^cts the same quantity for Calcutta and Delhi. The curves cleariy 
show that there is a semi-diurnal variation in f^Ft for pairs of stations. 
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Fxo. 86. — Differenoet between average diurnal variation of et Calcutta, Delhi 
and Chungking illuatrating solar semi-diurnal tidal oscillation. Curve I, Caloutta- 
Chungking; Curve 11, Calcutta-Delhi. 

(iii) The electrodynamiecU theory (Martyn ). — ^The fundamental basis of 
the so-oalled eleotrodynamical theory as developed by Martyn is that 
though the tidal motions are mainly horizontal, the ions and eleotrons are 
constrained to move along the terrestrial magnetic lines of force. This 
motion has, in general, a vertical component except at the magnetic equator. 
But even at such low latitudes vertical ion (and electron) drift can occur if 
a horizontal electric field exists; such a field must occur if the ^dynamo 
theory* of magnetic variations is valid (see Chap. VII, Sec. 6). It has 
been shown by Martyn that these charactenstic motions of ions andelectrons. 
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besides e^bdning the observed tidal variations, also explain many of the 
knotm anomalies of the behaviour of J’flayer, and the small but 
departures of the bdiaviour of B and regions ftom that of the ideal 
Chapman region. Another fact that has emerged fix>m these oonsiderations 
is that the usual metiiods of measuring the recombination coefficient a 
from observations of the diurnal variation of ionization (see See. 12) need 
reconsideration. 


As indicated above, the vertical drift velocity (v) of the ions (and eleo- 
trons) consists of two parts. The first («i) is due to the vertical component 
of the air motion along the magnetic field (the existence of which is deduced 
from simple consideration of the electromagnetic forces) and the second 
(vs) is due to the polarization field developed by the motions of the ions 
across the magnetic field (to the existence of which Martyn first directed 
attention). 

The origin of Vi is as follows. It can be shown that, in the presence of 
the terrestrial magnetic field, the drifts of the ions due to the forces developed 
by the tidal air motions will have the components (for example, see 
Oeomagnetism by Chapman and Bartels, pp. 631-636; also Chap. Vn, 
Sec. 6 of this volume). 







where c, and are components along z and x axes reqiectively of the 
horizon^ tidal air velocity, cu » Hefm and v firequency of collision of the 
ions with the neutral particles. (The axes are so chosen that z lies along 
the magnetic field and x along the component of the tidal force transverse 
to the field.) 

There is thus a vertical drift velocity as all the three component velo* 
dries have component in the veirioal direction. However, of these, the 
^'-component depends on the sign of the ionic charge. The 4' and F- 
components are independent of the sign and, of these, the former is negligible 
if (as in the case of the ^ 2 -re^on) v is much smaller than w. Hence, under 
such condition is nearly equal to sin I (I, magnetic dip), being thus 
very nearly the vertical component of the air-velodty along the magnetio 
field. 

The polarization effect, to which Vs is due, is developed by the velodty 
component depending upon, as already mentioned, the ionic sign. As a 
result of this ions of opposite sign move in opposite directions g^iving rise 
to an electric current and thus to a polarization of the medium. The 
component of any resulting polarization field perpendicular to the magnetic 
field {B^ will produce ionic drift. In particular, vertical ionic drift will 
be produced by the component B^^ of Bj^ lying in the horizontal plane 
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oontaming H.. The magnitude of this vertioal ionio drift (^ 2 ) is 8howxi\by 
Martyntobe: 

El 01 * ^ j 

H V*+ctf*^®^* 

Farther, the sense of this drift is opposite to. that of the previous one. 

At any latitude the total vertical ionio drift (v) is thus the sum of the 
two drift velocities: v » V] +^ 2 * 

Both Vi and V 2 necessarily vary with latitude. In middle latitudec 
the air velocity along the magnetic field has a large vertioal component 
and Vi has a maximum. In low latitudes the magnetic field is nearl^p 
horizontal and the value of Vi is, therefore, small. On the other hand 
V 2 has its maximum at the magnetic equator, where cos / is greatest. 
Both Vi and V 2 tend to zero at the poles, the former because a horizontal 
wind has no component along the (vertical) magnetic field, the latter because 
I » 90^. Thus at all places save the poles there are vertioal ionic drifts, 
though for causes distinctly different in high and low latitudes. And, 
since Vi and are opposite in sign, the vertioal drift in high latitudes will 
be in opposite direction to that in low latitudes. The reversal of phase 
occurs in an intermediate latitude where Vi and V 2 are numerically equal. 
This latitude is found to be about 35^. It is to be noted that the focus of 
the dynamo current system which produces the quiet day magnetic variation 
also lies at about the same latitude (see Figs. 12 and 13, Chap. VII, 
Sec. 3(c)). 

The drift velocity also varies with time. At any point it has a semi- 
diurnal 1 2-hour period and a seasonal annual period. (This may be expected 
from the fact that the horizontal solar tidal air motion has predominant 
semi-diurnal and seasonal components.) Further, in the F-region and 
above, the amplitude of v decreases with height on account of damping 
due to viscosity and thermometric conductivity with height (see Fig. 3, 
Chap. I). In view of the above the expression for v may be assumed to 
be of the form v = VoC'r* sin (oi^+a) where y is of the order unity and oi 
( as 360^1 2) is 30** per hour. (The initial phase a is also sometimes assumed 
to change with height.) The magnitude of Vq in the F-region is found 
to be of the order 300 cm./s. 

Now, it is easy to see that other factors remaining constant, if the 
vertical drift velocity decreases with height, i.e. if there is a strong velocity 
gradient, the ionio concentration at any point will change with time. This 
fact introduces a new term 

[sH 

in the expresaioii for the time rate of change of the ionic concentration 
(see Eq. 156). This, according to Martyn, is 


• • 


( 166 ) 
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where /->^rate of ion production per cm.*, 

Z — reduced height (A/i7, h being measured from a datum level), 
jy — density of ionization, 

V — drift velocity measured positively downwards. 


This is the fundamental equation of the electrodynamical theory, showing 
how the normal Chapman distribution with height and the normal Chapman 
variation with time will be affected by the drift velocity developed by the 
tidal action. The extent to which the drift velocity will affect the normal 
distribution will, of course, depend on the magnitude of the third, the 

g 

* drift* term ^ (Nv) compared to the first two in the equation. 
vz 

For the F 2 -region, when v is directed upwards, the ‘drift ’ term becomes 
the most important term. This is because, the velocity gradient is high 
on aqoount of increase of viscosity with height and, also, in the second 
term, a is known to be small — some two magnitudes smaller than a for 
the E and regions. Further, the rate of ion production (first term, 
/) is also small. Hence, for such case for the F 2 ‘region the continuity 

equation becomes approximately equal to ^ ^ (Nv). This equation 

ot az 


becomes specially true for the night-time condition when 7 = 0, and 
has been solved for dijOTerent assumed variations of v with height and time 
[266, 267, 264, 260]. It is found that for a low latitude station the distor- 
tion of an initial Chapman region with the passage of time as calculated 
from this equation, generally agrees with the behaviour of the F-region at 
night after 21 hr., i.e. from the time the drift velocity becomes directed 
upwards. 

In contrast with the above, for the E and Fi regions (as also for the 
Fg-region when v is directed downward) all the three terms in the equation 
are of importance. Hence, to compare theoretical values with the observed 
ones, one has to solve the equation taking account of all the three terms. 
The solution of the complete equation is necessarily difficult, but has been 
made by Kirkpatrick [266] for the F-region and by A. P. Mitra [266] for 
the night time F 2 -region. 

According to Kirkpatrick’s calculations the departures of the values 
of the F-region parameters from the Chapman values are, as expected, 
small and of the same order as observed. In particular, the height perturba - 
tion is in phase Avith the drift, i.e. in opposite senses in the latitudes north 
and south of 36^ and is thus in excellent agreement with the observed 
results on the lunar S&'F variation in high and low latitudes [e.g. between 
Canberra and Brisbane (low latitude) on the one hand and Slough (high 
latitude) on the other]. 

According to A. P. Mitra ’s calculations, the effect of the drift veloc ity 
on the night time variation of the F 2 'region is independent of recombina- 
tion effect and adds to or subtracts from .the latter according as the drift 
velocity is downwards or upwards. 
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Analysis of ionospheric data also enables one, with the help of Eq. 166, 
to determine the amplitudes and phases of the tidal drifts as also the value 
of the effective recombination coefficient corrected for the effect of the same. 
For example, according to A. P. Mitra’s calculations [266] the seasonal 
and semi-diurnal tidal drifts (solar) for Calcutta are found to be of nearly 
equal magnitude as demanded by the electrodynamical theory [248]. 
The resultant drift velocity has been found to be 12 km./hr. in both summer 
and winter and 17 km./hr. in the equinoxes, being maximum downwards 
at 1630 in summer, at 1600 in the equinoxes and at 1330 in winter. The 
values of the recombination coefficient calculated by him are all of the 
order of 10"ii cm.^/s., the winter value (3 X 10"^^ cm.«/s.) being twice as large 
as the summer value (1-6 x 10“^^ cm.^/s.). The seasonal variation of a for 
the Fs-regions, as observed by many workers, is thus due partly to tempera- 
ture and ^pressure variations, and partly to tidal effects. 

It may also be mentioned that two hitherto inexplicable characteristics 
of F 2 -region variation in summer, namely, decreased day-time Aniax 
marked bifurcation of Fi and F 2 in low latitudes can be explained by 
means of the electrodynamical theory. The first is attributed to the 
downward transportation of ions in summer to regions where the recom- 
bination rate is very high, and the second to the steep gradient of drift 
velocity (and/or recombination coefficient) in the upper part of the com- 
bined F-layer. 

From the brief account of the ionospheric tidal theory given above 
it is clear that the theory is a definite step forward in our understanding 
of tidal phenomena and anomalous variations in the ionosphere. The 
theory, however, is still in the formative stage. Much more work, both 
observational and theoretical, has to be done, to fill the many gaps that 
still exist. 

(d) Travelling disturbances 

In subsection (6) we have discussed winds in the J?-region in which 
ionospheric matter (a ‘patch’ or ‘cloud’ of intense ionization) appears 
to be transported horizontally from over one place to another. In contrast 
to this, observations in the F-region shows that there are occasions when 
some characteristic feature of ionization, e.g. a characteristic hump in 
the curve (and not ionospheric matter), appears to travel as a distur- 
bance wave from over one observing station to another [267, 268]. A 
typical disturbance like this travels vith a speed of 10 km./min.; its 
wavelength is some hundred of kilometers and the apparent period of the 
order of half an hour. Hartyn [269] has examined the origin of such 
travelling disturbances in the ascribes them to hcrizontally 

travelling ‘cellular’ waves of the type first investigated by Lamb. 
(Martjni also ascribes the microbarometric oscillations in the trc pc sphere — 
known for a long time — to such waves.) 

In a cellular wave the air particles move in vertical plane in elliptic 
paths bounded between two horizontal surfaces. The bounding may 
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occur as a result of sudden increase in either the lapse rate or the tempera- 
ture, or, a high gradient of the wind velocity (which latter may produce 
the disturbance leading to the formation of cellular wave). In the iono- 
sphere, the 80 km. level where there is a high lapse rate might be the lower 
boundaiy. The upper boundary is, however, difficult to locate. A high 
lapse rate is found to be necessary even if there is a high wind gradient, 
and, a high lapse rate is not possible in this region. Martyn, therefore, 
proposes as an alternative a low value of the specific heats ratio (1 *0 instead 
of 1-4), possibly as a result of the dissociation of N 2 . (See Chap. V, Sec. 3.) 

The motion of the cellular waves explains a number of apparently 
uncorrelated and otherwise inexplicable F 2 -Te^on phenomena . These are : 

(1) Travelling disturbances, or, a rhythmic change of height (of a 

layer of constant ionization density) of the and of its electron 

concentration as mentioned at the beginning [267, 268]. 

(2) Ionospheric records sometimes show as if refiecting electron clouds 
are coming down vertically into the J’ 2 “region [270]. 

(3) Systematic errors in D.F. measurements for propagation via 
F 2 -region. Observations on frequencies 6-15 Mc./s. and for transmission 
distance 90 to 5,000 km. show that the root-mean-square-error (standard 
deviation) in the bearing measurement may, for the shorter distance, be 
as much as 8® [271, 272, 273]. 

All these phenomena can be explained if it is recalled that the electrons 
(and ions), while participating in the cellular wave motion, are constrained 
to move along the lines of force. (The elliptic paths of the particles are 
of rather high eccentricity with the major axis horizontal). A little reflec- 
tion shows that if the lines of force have a large vertical component, then, 
as the electrons cannot move across the lines of force, in one part of the 
elliptic path the electrons will move downwards and in another part 
upwards, both along the lines of force. Surfaces of equal ionization will 
therefore be continually bending, as if subject to a wave passing over it. 

The travelling disturbances as mentioned in (1) are thus simply the 
passage of these ionization inequalities over the observing station with the 
velocity of the cellular waves. 

The phase of the cellular oscillatory motion has a height gradient. 
This gradient makes horizontally travelling disturbances appear to have 
a vertical component of motion thus simulating vertically moving electron 
clouds. (See, for example Fig. 6, ref. [269].) This explains phenomenon 
( 2 ). 

The 'tilts’ or 'slopes’ in the surfaces of constant ionization produced 
by the travelling disturbances cause deviation of the rays reflected from 
them from the great circle path and account for phenomenon (3). (See 
Fig. 6, loc, cit.) 

15. LUXEMBOURG EFFECT— CROSS-MODULATION 

(i) Introduction , — ^The 'Luxembourg effect’ or ionospheric cross- 
modulation may be described as the modulation of the signal from a 
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powerful station impressing itself upon the carrier wave from another 
station operating on a different frequency. The effect is caused by the 
interaction of the radio waves via the ionosphere. When this happens 
it is found that a receiver tuned to the second — ^tho wanted — ^station hasj 
in its background, the programme (modulation) of the first — ^the disturbing 
station. The phenomenon is illustrated in Fig. 87. 


mwMiiK mt 



Fio. 87.-~Illu3trating ‘Luxembourg effect* ortho 
phenomenon of ionospheric cross-modulation. 
The modulation of the wave from the disturbing 
transmitter is transferred via ionosphere to the 
wave from the wanted transmitter. (After, 
Huxley and Ratcliffe.) 


The existence of cross-modulation was first reported by Butt in 1933 
(see ref. [274]). It was found that in the reception of the Beromunster 
programme at Eindhoven, there was often programme from Luxembourg in 
the background. This was followed by studies by Tellegen [275], van der 
Pol and van der Mark and others [276, 277, 278]. 

A detailed theory of the phenomenon has been worked out by Bailey 
and Martyn [274] by utilizing the results of investigations of Townsend 
and Tizard [279] on the motions of electrons in air at low pressure and under 
the influence of electric forces. In what follows we will first give, without 
going into mathematical details, an account of the physical processes 
involved in the phenomenon in the words of Huxley and Ratcliffe [280]. 

(ii) Theory — the physical processes involved (after Huxley and Ratcliffe ). — 
‘The absorption of a wave passing through the ionosphere occurs in the 
following way. In the absence of a wave the electrons in the ionosphere 
are in thermal equilibrium 'with the gas molecules, so that their mean 
energies have the same magnitude Qq. An electron loses energy in some 
collisions with gas molecules and gains energy in others, but on the whole 
the gains and losses neutralize each other. 

‘When, however, a radio wave traverses the medium an electron 
acquires extra energy from the wave along each free path and at first this 
extra energy is not, on the average, entirely lost in the collision at the end of 
the free path. The mean agitational energy Q of the electron therefore 
begins to increase to a value greater than the thermal energy Qq. But when 
Q exceeds Qq the statistical energy balance is upset and, on the average, 
energy is transferred from the electron to the molecules at each collision. 
When ((?— is small compared ^nth Qq we may assume that the average 
energy lost by the electron in each collision is equal to G (Q~-Qq) where 
G is a constant which has been determined by means of laboratory experi- 
ments. In the presence of the wavOi therefore, the mean agitational energy 
Q of an electron continues to increase until the mean energy G (0~Oo) 
lost by it at each (‘ollision is equal to the mean work done on it by the radio 
wave in the free path between tw'o collisions. 
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‘It is of interest to consider the magnitudes of the quantities just 
mentioned. Let us take the case of a 100-kW sender of frequency 200 
kc./s. acting like a Hertzian doublet and radiating at an* elevation of 45^* 
a wave which is absorbed at a level of 85 km. (radiation from Droitwich at 
46®). Then we have: 

(i) 0 for air* is found experimentally to be equal to 1-3x10-*. 

(ii) The mean thermal energy Qq electron at 300®K. is 

6-2x10-1* erg. 

(iii) The mean oscillatory energy communicated from the wave to 

the electron in each free path (Pi/v) is 6-6x10*1^ erg. 

‘ We have already seen that this last quantity must be equal to 
80 that we find Q— Qo ^^'^xlO-i* ©rg. which is seen to be 
0-67 Qq. We therefore conclude that the wave heats up the electrons 
until their mean energy exceeds the thermal energy by 67%. Their 
temperature is thus increased 67% and the frequency of their collision with 
molecules is increased 33%. 

‘Another wave traversing this part of the ionosphere is also absorbed, 
so that its field P decays according to the law E Eq exp {--kx) and the 
absorption index k is proportional to the frequency of collision between 
electrons and molecules. The absorption of this (the wanted) wave is 
therefore increased when the electrons are heated up by the presence of the 
disturbing wave. It has been shown by direct experiment that the 
absorption of a wanted wave is increased when a strong unmodulated 
disturbing wave is switched on. 

‘The energy lost by an electron to a molecule is proportional to its 
excess thermal energy (Q—Qq) so that, if the electrons are all heated up 
and then left to themselves, they will cool to the temperature of the mole- 
cules in an exponential manner with a relaxation time r depending on 
the product Ov where v is the frequency of collision. If the amplitude 
of the wanted wave could be observed rapidly enough it would be found to 
return to normal with a time-constant r after the removal of the disturbing 
wave. 

‘Now suppose that the disturbing wave is modulated sinusoidally at 
the angular frequency oi. There will result an alternate “heating” and 
“cooling” of the electrons, and hence a periodic variation of the absorp- 
tion of the wanted wave, which will show itself on reception as a modulation 
of this, originally unmodulated, wave. The magnitude and phase of the 
transferred modulaition depend on the modulation frequency cu because 
the ability of the electrons to “heat” and “cool” sufBiciently rapidly 
depends on the relation between the frequency and ,the natural relaxation 
time T. 

‘ For modulation frequencies much less than (2n the heating and 
cooling is large and is in phase with the original modulation; for frequencies 


* O has been measured in the laboratory for air only ; one is not likely to make 
a significant error by assuming this value to apply in the ionosphere. 
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maoh graster'it is small, and lags ir/2 in pliase: the behavfonr is like that 
of any other “idazation' process'* snoh as is encountered in Debye's theory 
of dideotiics containing polar moleonles or in Uie application of a sinnsoidal 
ejn.f. to a combination of capacitance and resistance. 

'Simple considerations of the kind given, here lead directfy to the 
following deductions: — 

(а) Gross>modalation occurs only on the ionospheric wave and not 
on the ground wave, and hence is noticeable onfy when the ionospheric 
wave is much stronger than the ground wave. 

(б) Ctoss-modulation is most pronounced when the wanted wave is 
strongly absorbed in the r^;ion where the disturbing wave is itself 
absorbed. For some combinations of frequencies the two absorbing regions 
will not overlap. For some wanted frequencies, especially the higher 
frequencies at night, the absorption may be too small. In both these 
oases cross-modulation is small. 

(e) The energy supplied to the electron in each free path by the disturb- 
ing wave is proportional to the power in that wave and to the square of 
the wavelength. Transferred modulation is tiierefore most noticeable 
when the disturbing station has a high power and a long wavelength. It 
is generally noticed, in practice, with the long-wave broadcasting stations, 
snoh as Luxembourg. The fact that it has not been observed on still 
longer wavelengths must be ascribed to tiie non-overlap of the appropriate 
absorbing regions mentioned at (6). 

(d) The proportionality between the coefficient of transferred modnla- 
tion and the power of the disturbing station implies that the transferred 
modulation will contain an octave component of the modulation frequency, 
but not higher harmonics. This has bemi observed and measured.' 

(iii) Experimental obeertmtiona . — ^Perhaps the most important experi- 
mental verification of the mathematical theory of cross-modulation (not 
given here) is that of the law of the dependence of cross-modulation (coeffi- 
cient of transferred modulation) on the modulation frequency / of the 
disturUng wave. The law is 



where To rejHresents the value to which Tj tends as the imjHcessed modula- 
tion frequency approaches zero (T^ <m pMP^OfQ). Etere, the symbols 
are: 

/—modulation frequency of the disturbing wave, 

Ty— coefficient of transferred modulation, 

V— coUisional frequency of electron witii moleonles, 

0-r«> constant {vide ««jmi), 

/i— is so defined that tiie wanted wave absorption J n^de expressed in 
nepers in equal to fir, 

Jf— coefficient of modulatfen of the disturbing (unwanted) wave. 
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Pj — ^povw eapplied to a single electron by the nnmodnlsted wave, 
mean valne of the agitational energy of the electron in the 
presence of the modulated wave. 

Brqperimental observations show that this relation holds np to modulation 
firequencies of 800 c/s [280, 281, 282, 283, 284]. It appears that at higher 
firequencies the observed values of are less than the calculated value 
[280]. 

The valne of O may be deduced experimentally and has been found 
to lie in the range 160 and 320 seo.~i [09]. Ananmfag GV/2ir to be 
240 sec.'i we can write 



Fig. 88 shows how varies with the modulation frequency / according 
to the above relation. 



Fie. 88. Ulnstmtiiig bow the depth of the tnaafemd modulation vaiiea with the 
modulation frequenoy of the disturbing wave. The dots plotted are for the 
wanted carrier wave of the Beromiinster station. (After van dee Pol and van 
der Hark.) 

It has also been observed that as demanded by the theory, the coeffi- 
cient of the transferred modulation is proportional to the power of the 
disturbing transmission. (Observations have been made np to a power 
of 660 kW. [280, 283].) 

The presence of an octave component of the modulation frequency, 
which follows as a consequence of tto above, has also been observed and 
rheasured [284]. , 

It has been found that the coefficient of the transferred modulation 
remains proportional to the depth of modulation of the disturbing wave 
even when the latter is 80% and the transmitter power is 660 kW. [280]. 

It has been shown that the phenomenon of cross-modulation is most 
marked when the distnrUng transmitter is situated within 100-200 km. 
from tiie midpoint of the transmission path of the wanted wave. 
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According to experiments of Batoliffe and Shaw [283] the greatest 
transferred modulation is produced when the wanted wave is in the medium 
wave band (in the range 800-1000 kc./s.) and comes from a sender distant 
300 or 400 km. and the disturbing wave is in the long wave band (200 kc./s. 
and 167 kc./s. had been used). These results are for observations at n^iht. 

According to theory the cross-modulation elfect is to increase with the 
lowering of the frequency of the disturbing wave. It appears fi»m the 
existing observational results that this holds till the frequency 167 kc./s. is 
reached. The efifoct, however, appears to decrease with further reduction 
of frequency [283]. The highest frequency of the disturbing wave, up 
to which cross-modulation has been observed is in the neighbourhood of 
gyro-frequency. 

Batcliffe and Shaw have suggested an interesting method of measuring 
the height at which interaction takes place from an examination of the 
phase of the modulation impressed [283]. In the experiments carried 
out most of the measured heights were found to lie withm 82 and 85 km. 
The height at which the interaction takes place has also been estimated 
by Huxley [99a] from the measured value of Qv (vide infra). The value 
found hi 83 km. and is thus in good agreement with that obtained by the 
'phase method’. 

(iv) Meaaurment of eoUisiowd frequerusy . — ^From Eq. 157 it is evident 
that if is known for two different modulation frequencies of the disturb- 
ing station, then the value of the quantity Ch can be obtained. Further, 
if 0 is detemuned experimentally, then v, the oolludonal frequency of 
the electron in the region of the interaction, may be determined. Van 
der Mark and van der Pol were the first to determine v from such 
cross-modulation observations [276]. They measured the modulation 
(Tf) impressed upon the Beromfinster carrier for different values of the 
modulation frequency knd for a fixed value of the coefficient of modulation. 
From a plot (Fig. 88) of the observed results (modulation frequency as a 
function of the percentage depth of the impressed modulation) they 
obtained 7y as 4*8 per cent and 1*8 per cent for the modulation frequencies 
200 and 800 c./s. respectively. Substituting these values in Eq. 167 and 
taking the ratio we get, 

/l*3V_ (2»x200)«-|-(2*6xl0-»)«r« 

V4-8/ “ (2frX800)‘+(2’6 X 10-»)*i« ’ 

p is thus found to be 2*1 x 10</s. (van der Pol and van der Mark took the 
value of (7 ss 2*6xl0~* as deduced from eqieriments of Townsend and 
Tizard [279]). v may also be determined by a slightly different {Hwcedure 
after Huxley, Foster and Newton [284]. Eq. 167 may be written as 

.8 To*<3*»* G®** 

4ir« ■“ 4ir« ’ 

showing that the curve representing as a function of 1/T^* is a straight 
line. Hence Qvl2m may be obtained from the intercept on the axis 
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of the straight line drawn through the experimentally observed points. 
From observations on the transmission &om Lisnagarvey (1050 kc./s.) 
with Droitwich (200 kc./s.) as the disturbing station the above named 
authors obtained the value Ov lying between 1140 and 2800. Using the 
experimentally determined result of 0 by Huxley and Zaazou [99] as 
1*3 X 10*^ the value of the collisional frequency v was found to be 1*2 x 
Shaw [290] obtained the average night-time value to be 1 *4 x lO^/s. at 92 km. 

(v) Effect of the terrestrial magnetic field . — ^In the above discussion we 
have not taken into account the effect of the terrestrial magnetic field. 
The inclusion of this effect necessarily makes the analysis complicated. 
However, some of the salient points of the effect can be easily seen firom 
simple consideration of the magneto-ionic formula. 

We have seen that the primary cause of cross-modulation is the increase 
of the mean agitational energy of the electrons by absorption of energy 
from the disturbing wave. The magnetic field may profoundly modify 
this absorption, depending on the wave frequency and the direction of 
propagation. We have to consider the cases of the ordinary and the 
extraordinary waves and, for each of these, the absorption will dei>end 
on the mode of propagation — ^whether it is quasi-longitudinal or quasi- 
transverse. (See Sec. 5). It is easily shown that the extraordinary 
wave will be strongly absorbed near the gyro-frequency for all directions 
of propagation. (This phenomenon has been specially discussed by Bailey 
[281 , 286, 274] and is called by him gyro4nteraction. See below.) Further, 
for the ordinary wave, for the quasi-transverse mode of propagation, the 
absorption, and hence the cross-modulation, should increase steadily with 
the lowering of the frequency of the disturbing wave. The cross-modula- 
tion produced by low frequency wave is, therefore, expected to depend 
on the direction of propagation. 

Of the above conclusions the phenomenon of gyro-interaction or gyro- 
resonance effect has excited considerable interest. However, there is doubt 
about experimental evidence of the phenomenon. Thus, while according 
to Bailey [286] and also tp Cutolo [287, 288, 289] gyro-resonance effect is 
observable under certain conditions, according to experiments of Shaw 
[290], the predicted enhancement of cross-modulation does not exist. 

In conclusion, it may be mentioned that the phenomenon of 
ionospheric cross-modulation is of interest for more than one reason. It 
has provided us, for the first time, with a means of making controlled 
alterations in the ionosphere. Further, it provides a link between laboratory 
and ionospheric studies of the molecular and electronic parameters of the 
upper atmosphere. 

16. WEATHER AND THE IONOSPHERE 

Relationships between barometric and weather conditions in the 
troposphere and ionospheric conditions in the upper atmosphere have 
been reported from time to time from different parts of the world. It 
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is not easy to foresee how such relationships oonld occur. We give below 
a few instances of the same without commenting upon their possible causes. 

It has been observed that variations of minimum height of the J-r^on 
and of the average Ar-ionization tend to follow the variation of barometric 
height [292]. Similar correlation (on an annual basis) between the lowest 
virtual height of £-region (on 100 kc./s.) and ground temperature has been 
reported from Stanford, Oalifomia, U.S.A. [102]. It was found that the 
height tended to be lower in winter than in summer as did the temperature. 
Some slight correlation between pressure at 13 km. end critical frequencies 
of E and regions has been reported [202]. Two other associations, 
rather striking in nature, between weather phenomena and variations of 
ionospheric characteristics have also been reported, one from Australia 
(Sydney) [293, 294] and the other from China (Shanghai) [291]. These are 
briefly d(9scribed below. 

The weather in Australia according to meteorological observations is 
controlled by a fairly regular succession of anticyclones passing from west to 
east. In the region between two successive anticyclones there is a zone 
in which the air characteristics change discontinuouBly. To the east of 
this zone warm, water vapour laden air flows from lower latitudes; to the 
west cool and diy air flows from high latitudes. The cold and warm masses 
ultimately develop into cyclonic depressions. Now, the two ionospheric 
stations. Mount Stromlo (35^ 16'S., 149^ lO'E.) and Liverpool (33^ 65' S., 160^ 
69' E.) are situated near the path of the centre of the tracks of the anti- 
cyclones. In course of observations extended over a period of nineteen 
months, carried out at these two stations it was found that on the days 
on which the region between lat. 29^ S. and lat. 36^ S., and long. 140** E. and 
long. 166^ E. was free from 'frontal conditions,' Region was 

higher, on the average by 6 per cent near Sydney (Liverpool) and by about 
11 per cent near Canberra (Mount Stromlo) than on other days. Further, it 
was noticed that while the values of ionization density at the two observing 
stations (separated only by a distance of 260 km.) were usually equal, there 
was a strong tendency for the ionization at Canberra to be lower than that 
at Sydney on 'frontal' days. (It is to be mentioned that the days on which 
the F 2 -region ionization was disturbed due to magnetic storms, were 
discarded from the analysis.) 

The other correlation that has been observed at the Zi-Ela-Wei 
observatory, Shanghai is of a similar nature [291]. It was found that 
when observations are made, , any day of the year, after sunset or before 
sunrise, with the ionosphere apparatus set to the mean E-critical frequency 
of the place (6 Mc./s.), the following relationships hold between the 
occurrences of the E, Fi and F 2 echoes on the one hand, and the future 
movement or behaviour, on the other, of the three main air masses — ^the 
polar, the maritime and the equatorial — ^which cause weather all over 
the world. If an E-echo is obtained then the maritime (Pacific) air mass 
would come over the place or, if it were already there, it would stay over 
the place. When an E-echo is observed, then the polar (Siberian) air 
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mass would make the weather. If an F^recho is detected, it means that 
tropical air is arriving, or if it is already there, it will continue to stay. 
If, when an J^-echo is obtained, there be a typhoon on the weather map 
some 200 miles away, then it could be predicted that the maritime air mass 
would bring the cyclone dangerously close to the station. If, on the other 
hand, an i^-echo is obtained then, it would mean that there is no danger 
to the station as the typhoon would recurve. According to the author the 
relationships are so persistent that (since the air masses are responsible 
for the weather) it has been possible to make forecasts, with exceptional 
success, on the future weather characteristics — ‘dry or damp, overcast or 
clear, windy or calm, good or bad visibility, high or low temperatures, etc.’ 

It is difficult to give any theoretical explanation of these curious 
associations. One has to assume that the atmospheric constituents in 
the ionospheric regions must be changing from day to day — and that 
rapidly — ^in order to maintain association with meteorological conditions 
near the ground. The whole subject demands further study and observa- 
tion in other parts of the world. 



CHAPTER VII 


ELECTRICAL CURRENTS IN THE UPPER ATMOSPHERE: 

TERRESTRIAL MAGNETIC VARIATIONS 

1. INTRODUCTION 

In this chapter we shall discuss the morphology and origin of the 
electrical current systems in the upper atmosphere (and, also a part, in the 
extra-terrestrial space) the existence of which is revealed by the study 
of transient variations of the terrestrial magnetic elements, e.g. the hori- 
zontal and vertical intensities and declination. 

(a) Transient terrestrial magnetic variations and upper atmos- 
pheric current systems 

The terrestrial magnetic field as measured at the surface of the earth 
is not constant in time. Its intensity varies and the variations, according 
to their rates, may be broadly classified under two heads: secular variation 
and transient variation. The former produces perceptible effects in 
periods measured in decades or centuries and the latter — ^more rapid ones — 
have periods measured in days, hours or even minutes. The origin of 
the secular variation is still ill understood. The transient variations are 
now known tb be due to world-vdde current systems, partly in the conducting 
regions of the upper atmosphere and partly in extra-terrestrial space. The 
amplitudes of the transient variations are always very small compared to 
the total intensity of the field, amounting only to a few thousandths of it. 
These variations are measured in terms of a small unit gamma (y), equal to 
10*6 gauss. But though small, the variations have certain charac- 
teristic and persistent features which, even a casual inspection of the 
hourly records of magnetic data kept at an observatory seldom fails to 
reveal. Fig. 1 depicts, for instance, a record of the east component 
(7) of the magnetic field for a number of successive days which were 
all magnetically quiet. The regular daily rise and fall is strongly re- 
miniscent of the diurnal variation of barometric pressure as depicted in 

y 

^60 

^40 Record of hourly means of the east 

component (F) of the magnetic field at 
Niemegk Observatory (near Potsdam) on 
•40 successive magnetically quiet days. 

•60 

Fig. 1; Chapter II. Indeed, as we shall see later there are strong reasons to 
believe that the two are causally related. It is obvious from the figure 
that the period of the regular variation is related to the solar dav. Careful 
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amfysb showB that saperposed on these reigalar variations tiiere are 
also variations, much feebler but none the less as regolar, the period of 
which is related to the Innar day. Occasionally, the regular variations are 
masked by disturbances. Closer study shows that these disturbances 
have certain tegular features. The task of separating the various iypes of 
variations and disturbances from one another is necessarily diffic^t and 
laborious. Magnetio data ficom a large number of observatories, recorded 
over many years, have to be collected for the purpose. And, the compnta* 
tion is made all the more difficult by the fact that the world distribution 
of the observatories-^there are some eighty of tiiem — not at all that 
could be desired; there are too many in the European countries and too 
few in the southern hemisphere. 

In the present chapter we shall make detailed study of the three types 
of variation mentioned above, namely, (a) those related to the solar day, 
designated S, (b) those related to the lunar day, designated L and (e) disturb- 
ances, designated D. 

Our interest in this study lies in the feet that the immediate cause of 
these variations (except of those known as sudden commencement magnetio 
storms) is the generation of world-wide electric current systems, in the 
ionised regions of the upper atmosphere. In anticipation of what follows 
we may mention here that for the case of the quiet day type of varia- 
tions (as in lig. 1) related to the solar or to the lunar day, the current 
systems are produced by tidal motions in the upper atmospheric regions 
as discussed in Chapter II. For the variations associated with the magne- 
tically disturbed days, the correspondmg currert s3rBtems are produced 
{wesumably by the entry into the terrestrial atmosphere of high velocity 
neutral streams of corpuscles (i.e., containing positives and negatives in 
equal number) of solar origin. It is remarkable that the geomagneticians 
have not only been able to separate, by laborious analysis, the different 
types of variation from the mass of accumulated dUta, but have also been 
able to construct the probable upper atmospheric current systems which 
would produce these variations. 

It should be mentioned that it was Balfour Stewart who first suggested 
that the most probable location of the current systems is in the conducting 
upper regbns of the atmosphere. His main argument was that while 
no noticeable change is observed either in the lower atmosphere or In the 
body of the earth in course of a solar cycle, marked change in the amplitude 
is a characteristic of the 8 ^ variation during the solar cycle. There are 
also current systems within the body of the earth [Sec. 6(9)]. Bi t, their 
magnitude is only about one-third of the upper atmospheric system and, 
as will be seen later, there is ample evidence to show that the earth-currents 
are merely currents induced by the upper atmospheric current systems. 

(6) The earth as a magnet 

The earth, so far as its magnetio field at large distances is concerned, 
behaves to a very close approximation, like a uniformly magnetized 
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sphere. For such a sphere of radius a, the intensity of magnetization J, 
the surface value of the horizontal intensity Hq at the (magnetic) equator 
and the magnetic moment M are related by 

Jf = ^ TraV = a^JBTo. • . . . . . (1) 

The magnetic moment of the sphere is the moment of the equivalent dipole. 
By choosing the most appropriate value of J (or M) and of the direction 
of magnetization one can obtain a magnetic field which most closely repre- 
sents the earth’s field. The value of J (or M) and of the direction of mag- 
netization which give this closest fit may be determmed by the method of 
spherical harmonic analysis. The part of the earth’s field which can be 
represented in this way is called the regular field of the earth. The remaining 
part of the field is called the irregular field. It has been found by analysis 
that the regular part of the field is the same as that due to a uniform 
magnetization of 0*075 C.6.S. unit per cm.* throughout the entire volume 
of the earth or that due to a magnetic moment of 8*19 X 10** C.G.S. units. 
The magnetic axis, i.e., the diameter along the direction of magnetization 
meets the surface of the earth at points called the magnetic poles. The 
approximate positions of these regular magnetic poles or oxts-poles are [1] : 

North Magnetic Pole— Lat. IS 6^ N.; Long. 70-1® W. 

South Magnetic Pole — ^Lat. 78*6® S.; Long. 260*1® W. 

The magnetic axis thus does not coincide with the axis of rotation but is 
nclined to it at an angle of about 11*5®. 

It is to be noted that the magnetic dip-poles, i.e., the points on the 
surface of the earth where the magnetic needle stands vertically (H ss 0 
and I sa 90®) are different from the axis poles or the regular magnetic poles 
as defined above. The positions of the dip-poles depend upon local condi- 
tions. They are not quite antipodal; according to Vestine they are 
located approximately as follows in the 1945 epoch: 

North dip-pole .. 72-8® N., 262® E., 

South dip-pole .. 68*2® S., 146® E. 

If the earth had only its regular field, the lines of equal magnetic force 
would be circles centred on the magnetic axis, i.e., parallel to the magnetic 
equator. Actually this is not so; the permanent part of the irregular 
field having its origin inside the earth distorts their circular form. The 
intensit} of the irregular field, however, decreases much more rapidly 
than that of the regular field so that at great distances the terrestrial field 
may be regarded as regular except insofar as it is modified by currents in 
the upper atmosphere or, in extra-terrestrial space, to which we shall 
presently refer. It is interesting to note that the intensity of the regular 
part of the terrestrial magnetic field decreases inversely as the cube of 
the distance from the earth’s centre while that of the gravitational field 
falls off inversely as the square of the distance. 
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Though by far the largest part of the earth’s field is found to have its 
origin inside the earth, careful analysis by Vestine [1] shows that a small 
but definite proportion — ^less than one per cent — of the field is of external 
origin. This latter consists of two parts; one possessing a potential and 
the other a non-potential field. The existence of the non-potential field 
implies that there is flow of electric current from air to earth or vice versa. 
Owing to the presence of this current the line-integral of the horizontal 
magnetic force round a closed curve on the surface of the earth does not 
vanish. The existence of earth-air currents is well known to students of 
atmospheric electricity. The magnitude of this observed current, however, 
is wholly inadequate to explain the non-potential field. One may, for 
instance, calculate the line-integral along a circle of latitude and use it to 
calculate the earth-air current remembering that the value of the integral 
is equal to 4^ times the current enclosed. The calculated current intensity 
is found to be more than 10^ times as great as the earth-air current measured 
by the usual apparatus for studying atmospheric electricity. The origin 
of this discrepancy is not yet known. The other part of the external 
field which possesses a potential has its origin in overhead current systems. 
It is the variation of these currents which produce the transient terrestrial 
magnetic variations and will form the main theme of this chapter. 

The origin of the main geomagnetic field of the earth is still ill-imderstood. A 
very promising hypothesis had been put forward by Blackett [2] some time ago baaed 
on some earlier suggestions by Schuster [2a], Sutherland [3] and others. According 
to this hj'pothesis a fundamental property of matter, perceptible only in bodies of 
great size and mass, is that when rotating it develops a magnetic moment, the ratio 
between the ang^ular momentum and the magnetic moment being of the order 
(c— velocity of light, O — gravitational constant). This ratio agrees well for the case 
of the earth. The hypothesis received support from the fact that the magnitude, 
as well as the direction of the general magnetic field of the sun, as per estimate of 
Hale made long ago, is related to the angular momentum as demanded by the hypo- 
thesis. It was also in conformity with Babcock’s [4] discovery of large magnetic fields in 
rotating stars. However, according to contemporary measurements by Thiessen 
[5] it is found that the general magnetic field at the surface of the sun is of the order 
1 gauss only, instead of 50 gauss as estimated by Hale and that too in the opposite 
sense. Further, a strong magnetic star has been discovered which changes the polarity 
of its magnetization every nine days [6], and it is most unlikely that such changes are 
concurrent with changes in the sense of rotation. These facts cast doubt on the other- 
wise attractive theory of Blackett. 

Another theory, entirely on cleusical lines, has been developed by Bullard [7] 
and by Elsasser [8]. The earth’s magnetic field is ascribed to electric currents flowing 
in the metallic fluid core, and maintained by induction effects caused by the motion 
of the fluid in the magnetic field. The process resembles that occurring in a self- 
exciting dynamo. The source of the fluid motion may be ascribed to thermal convec- 
tion due to localized production of heat by radioactivity. Bullard [9] has also outlined 
a theory of secular variation. It is supposed that there are large scale eddies near the 
surface of the earth’s liquid core and that the electromotive forces induced by these 
eddies in the presence of the permanent magnetic field of the earth drive electric currents 
in this part of the core. As the eddies (of very long period) appear or disappear the 
electric currents and the magnetic field produced by them also vary, and this is observed 
on the surface of the earth as secular variation. 
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(c) The ma^etlc elements 

In disonsfling the Tsiistions of the magnetio dements, it is convenient 
to zepwsent tiie elemmts by qn&bols. A list of such 'i^mbols commonly 
em^yed is given below: 

i*— total magnetio intensity 

H — ^horizontal component of the magnetio intensity 
2^— vertioal component of the magnetio intensity— reckoned positiTe 
when downwards 
F— same as Z regardless of sign 
X-r-northem component of H 
Y — eastern component of B. 

IF-^westem component of H — Y) 

I — ^magnetio dip or inclination; the uigle by which a freety pivoted 
magnetic needle dips below -the horizontal— reckoned positive 
when the north-seeking pole of the needle points downwards 
and negative when it points upwards 


ZEMTH 

\ 

I 



Fxa. 2. Illustratixig the differeat magnetio elementa: 

F— Total magnetic intenaity J^Vertioal oomponent 

H— Hoiiaontal intenaity D— DecHnatiom 

X-^orthem oomponeiit /—Dip 

F— Baatem oomponent IF— Weatem oomponent 
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i>— dedinstion; the angle between tiie vertioal plane thronj^ the 
aids of the magnetio needle and the geographical north* 80 uth 
meridional plane — ^reckoned podtive if the former b to the 
east of the latter. It is called 'variation' by the mariners. 

The above elements are schematioally represented in Hg. 2. 


The rriations between the various elements are given by 

J'-JSTseo J-v 
Z >■ J7 cos Z> t 
r-SsinDl 
Z am H tan I ^ 


( 2 ) 


Of the various elements, only three are required to specify the field at a 
point both in magnitude and in direction. It is therefore sufficient for the 
magnetio observatories to record any three of these quantities. 


2. TRANSIENT VARIATIONS OP THE MAGNETIC ELEMENTS 

(a) Quiet and disturbed days — ^Magnetic character figure— Three- 
hour range Indices 

(i) Magnetic character figurea. — ^The three magnetic elements of which 
records are usually kept are H, the horizontal intensify, Z, the vertical 
intensify and D, the declination. Records of any magnetic observatory 
show tl^t on some days these three elements undergo smooth and regular 
variations, while on others they are more or less disturbed. For a long 
time it has been customary according to an international scheme to charac- 
terize each day at any observatory by a so-called magnetic character figure [C) 
for the day. Days of quiet magnetio condition are given the figure 0; 
days of strong disturbance are given the figure 2, while a day of moderate 
disturbance is characterized by the figure 1 . In Fig. 3 magnetogrsms of ff, Z 
and D recorded at Huancayo on internationally quiet and disturbed days 
are reproduced. 

This method of classification by simple iiupection of records, crude as 
it is, has proved to be of great value in many magnetic investigatioru. The 
daily figures 0, 1 , 2 from all the observatories are collected at a central office 
(De Bilt, Holland) where the average for each day is taken. The average 
figure, to one place of decimal, which lies between 0 and 2, is called the inter- 
national magnetic character figure Cf for the day. From the intenuttional 
character figures for each ^y of the month the central office selects, for 
each calendar month, five days which appear to be the quietest and five 
which appear to be the most disturbed. These days are called tire tnier- 
nationdl quiet and international disturbed days respectively. The use of a 
daily planetary character figure Cp has also been proposed by Bartels [9a]. 
This figure is to be regarded as a daUy index for the intensity of the sohur 
corpuscular radiation for the entire earth. The scale for Cp will be the 
same as that for C|, ranging from O'O to 2*0, witii the option to split 2*0 
into 2'0 to 2*6. 
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F2o. 3. (A) Magnetograms showing the variations of H, Z and D at Huancayo on 
August 8-9^ 1929, a quiet day of international character figure 0*0. (B) Magneto- 
grams showing the variations of ff, Z and J> at Huancayo on December 3-4, 1929, 
a disturbed day of international character figure 1*6. 


(ii) Magnetic activity — (he k* and Ui* measures , — ^The above method of 
classifying days by assigning character figures, though very useful, is not 
always satisfactory as it depends on the subjective judgment of the observer 
in charge at the particular observatory. An objective measure of the 
intensity of magnetic disturbance or magnetic activity ^ independent of any 
judgment of the observer is therefore necessary. In recent years such an 
objective measure of magnetic activity has come into use. It will be seen 
later that a singular feature of a magnetic disturbance is that the average 
value of the horizontal intensity is depressed immediately after the incidence 
of the disturbance. This phenomenon, called post-perturbation, is utilized 
for measuring the magnetic activity. 

The nature of the post-perturbation will be understood from Fig. 4. 
Each of the curves shows how the value of H is depressed during a magneti- 
cally disturbed period and how it gradually recovers its normal value 
thereafter. The similarity of the three curves is remarkable and shows 
that the change in the average value of H from one day to the next can be 
used as a universal measure (u) of the magnetic activity for the period 
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Fzo. 4. Depression of H following the inoidence of magnetic disturbaaoe and gradual 
recovery to the normal value. The curves show the variation of 24 hourly mean 
values. The vertical lines represent Greenwich midnight. (After Chapman.) 


under consideration [10]. The computation of is done as follows. To each 
day is assigned the difference of the mean value of E (or of X) from that of 
the preceding day. The average of these differences over a month may be 
called the mean interdiumal variability U for the month. Now, as we 
shall see later, a world-wide magnetic disturbance may be considered as 
due to circular current systems in the outer space encircling the earth 
parallel to the magnetic latitudes. The magnetic field of such a current 
system is directed along the magnetic axis and only its component in the 
direction of H (or of Z) is effective in producing the observed changes in 
these elements during a magnetic storm. Hence we introduce the universal 
magnetic activity u given by 

u a 17 /co8/}, 

where jS is the angle in space between the directions of the magnetic axis 
and H (or X). 
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Afintw measure of tiie magnetic aotivily is the Uj measure which is a 
function of the monthly mean of Since the value of the daily character 
figure C cannot exceed 2, it follows that the great magnetio storms get less 
weight in the m onthly means of the character figure C than in the monthly 
means of u which have got no upper limit. It is, however, sometimes desir- 
able to have a measure of magnetic activity which is just as well defined as u 
but at the same time throttles down somewhat the influence of exceptionally 
great disturbances. Such a measure is uj introduced by Bartels [10]. Fig. 6 
shows, after Bartels, how the Ui measure is related to the u measure. 

(iii) The K-indieea . — ^The magnetio variations as recorded on the 
earth are partly * regular ’ and partly ‘ insular ’. The ‘ irregular * varia- 
tions have a special importance in that they are supposed to indicate 
the influence of solar corpuscular radiation on the Earth. In order 
to provide a homc^neous running record of these variations (and hence 
of the solar corpusoular radiation) a three-hour range index K has been 
introduced [10a]. The K variations include the regular fluctuations in 
the magnetio elements during disturbance (2>), the mean effect of the 
distmrbance-field (Z).) as manifested in changes throughout the three-hour 
interval and the disturbance daily variation {8d) including that part of 
Da called the non-cyolio variation on disturbed days. The principle 
and practice of scaling E are as follows: [For the definitions of the 
symbols D, P. and So aee Sec. 2(6)]. 

Each observatory assigns to each of three-hour intervals beginning at 
the Greenwich mean time 0*, for the value of K, one of the integers 0 to 9. 
For each observatory a permanent scale is adopted which gives the limits 
which the ranges B, measured in units of force y, define the index K. For 
each of the three magnetio elements (P, H, Z) or for the rectangular field- 
components X (northward), T (eastward) and Z (downward), the range B 
is defined as the difference between the highest and the lowest departure 
(during the three-hour interval) from the regular daily variation expected 
for that element on a magnetically quiet day, according to the season, the 
8unq)ot cycle and, in some cases, the phase of the moon. The value of B 
for the most disturbed element is taken as the basis of the index K. 

The JT-scales are determined in such a way that each observatory has, 
within a year (for example), approximately the same number of intervals 
with JT Bs 0 or with iT = 1, etc. The JT-scale based on the ‘ Potsdamer 
erdmagnetiaeht Kennzitter ’ which has proved satisfactory may, in this con- 
nection, be described. This is 

ir»01 2 3 4 5 6 7 8 9 

J? == . . 6 . . 10 . . 20 . . 40 . . 70 . . 120 . . 200 . . 330 . . 600 y 

This means that all ranges B smaller than 5y give JST s 0 ; all ranges 
between 6y to lOy give K ss 2 and so on. It will be noted that the scale 
proceeds by multiples of 2 up to E s 40y and then slows down ; otherwise 
the higher indices of K will never be reached. 
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It has recently been recommended [Oa] that for non-polar stations 
(with limits for iC 9 below 600 y), it would suffice to combine iST b 0, 1 
and 2, into one step dO that the X-scale for these stations will 

have the steps ^ 3, 4, 6, 6, 7, 8, 9. 

The K index is only a * regional * index. It gives a measure of the 
intensity of geomagnetic disturbance of the place concerned and is not free 
from local features. There is, however, a need for a measure of the dis- 
turbance for the earth as a whole. Such a measure is provided by the 
three-hour index Kp called the geomagnetic * planetary ’ index. It is based 
on * standardized ’ indices K, which are freed from local features as far as 
possible by an appropriate standardizing process. So far conversion-tables 
assigning a ATt -index to every AT-index have been derived for 11 observa- 
tories. Kp is the average, of the eleven Kt -indices. 

(6) The different types of transient variations 

(i) Ohaermiory data and their analysis: the 8-variaiions . — ^The hourly 
values of the magnetic elements measured at the observatories are the 
starting point for computing the various types of transient variations* 
Usually these hourly values are the moan values of the magnetic elements 
for one hour intervals which extend either from one exact hour to the 
next or are centred at each exact hour. 

Daily mean value . — ^The mean of the 24 hourly values from midnight 
(0 h.) to the following midnight (24 h.) is called the daily mean value. 

Monthly (or annual) mean value . — ^The daily mean values, if averaged 
over a month (or year) is called the monthly (or annual) mean value. In the 
same way group mean values for a group of selected days may be obtained 
from the daily means. 

Mean hourly value . — ^The mean of the hourly values for each individual 
hour for all the days of a month (or a year) is called the mean hourly value 
(of the individual hour) for the month (or the year). Similarly, mean 
hourly values may be obtained from a selected group of days (instead of 
from all the days) of a month. Such selected groups are usually the inter- 
national five quietest and five most disturbed days of the month. 

The sequence of the 24 mean hourly values thus derived indicates the 
mean daily variation of the element for the month (or the year or the 
selected group of days). 

Mean daily inequality (8 ). — ^The monthly (or yearly) mean value sub- 
tracted from the mean hourly values of the month (or the year) gives a 
sequence of hourly departures which is called the mean daily inequality for 
the month (or year) and is denoted by 8. 

Similarly the mean daily inequality may also be obtained for a particular 
group of days. 

Daily variation curve . — ^The 24 hourly departures plotted against time 
is called the daily variation curve of the element for the month (or the selected 
group of days). 
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8 ^. — ^The mean daily inequality derived from the five quietest days of 
the month is called . 

84. — ^The mean daily inequality obtained fiom the five most disturbed 
days of the month is called 84. 

The method of deriving the various quantities and types of variations 
defined above may best be illustrated by taking an idealized chart of hourly 
values as in Table I. 

Table I 


Houblt Valxteb. 



1 h. 

s 

3h. 


22 h. 

23 h. 

24 h. 

1 

h 

2i 

3i 

.... .... 

22^ 

23x 

2*1 

2 

D 

2. 

3a 

.... .... 

22, 

23, 

24. 

3 

B 

2. 

3. 

.... .... 

22, 

23, 

24, 

• • 

30 


2.. 

3ao 

.... .... 

22,0 

23.0 

24,. 


From the hourly values tabulated above, the mean hourly values for 
the month and the dofily mean values are obtained as shown in Table II. 


Table II 


Hour. 

Mean hourly values 
(for the month). 

Day. 

Daily mean values. 

D 

■ngg^^BBjllll 

1 

^i+2x+3i + . . + 244 , 

24 ^ 

2h. 


2 

12+21+31 + . . + 242 j 

24 • 

24 b. 

24i+24,+24,+. .+24,. . 

30 “*** 

30 

l80 + 280 + 3io + « * + 2480 J 

24 


JfoirtWy mean m — - d. 

As— 



As 4— 

Daily variation curve for the month is the -plot of (Ai— dj, (Ag— (^3— dj, 
against time. 
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The above quantities may also be computed for all the days of a year 
or for a group of selected days instead of for a month. Thus we may select 
from the monthly chart five quietest days or the five most' disturbed days 
of the month. The hourly values of these groups of days may then be 
utilized in the above manner to find out the group mean value^ the daily 
mean inequality or the daily variation curve for either of these two groups 
of days. 

(ii) Dieturharvce varialiona . — ^The disturbance variations are: Sot {die- 
turbance daily variation), {storm4ime variation) and Z>|, (irregular 
variations). 

Disturbance daily variation (8 d )• — ^There is a systematic difference 
(particularly noticeable in higher latitudes) between 8, the mean daily 
variation obtained from all days of a month or 8d obtained from the five 
most disturbed days of a month and 8q the mean daily variation obtained 
from the five quietest days. This difference S^8q or 8d-‘8q is caused 
by magnetic disturbance D and is due to that part of the disturbance* 
which is related to the time of the solar day. The sequence 8-^8q (or 
8d ’^8q) is called the disturbance daily varialion and is denoted by 8^. 

Z>^. — Besides 8d as defined above* the magnetic disturbance has two 
other components. One of them modifies the daily mean value of the 
elements, e.g., decreases H. This part can therefore be obtained by sub- 
tracting the mean values of the elements on quiet days firom the mean 
values on disturbed days or all days. The difference is obviously greater 
in the former case than in the latter. This difference gives the average 
change in the mean value of the elements due to the part of D which is 
denoted by It will be presently seen that is* on the average* the 
daily mean of the storm-time variation. 

8torm4ime variation (Z)«t). — ^The variations accompanying a magnetic 
disturbance are not wholly irregular but have certain regular features. This 
regular part of the disturbance is the storm-time variation Du (Fig, 9). 
The nature of Dgt variation curve may be revealed in the following 
manner. 

At a particular station a number of magnetic storms of roughly similar 
intensity is chosen such that the times of commencement of the storms are 
fairly evenly distributed over the 24 hours of Greenwich time. A particular 
magnetic element is now chosen and its successive hourly values are written 
out in rows (one row for each storm), each row commencing with the value 
of the element for the hour preceding the commencement of the storm. 
The hourly values in the vertical columns are added and means taken. 
In the 24 average hourly values thus obtained, all periodic changes of the 
magnetic element which depend on the local time, e.g. * 8q or 8d will evidently 
cancel out owing to the fact that the hours of commencement are nearly 
uniformly distributed over the solar day. The variation with time of 
the magnetio element, indicated by the final row of means* represents the 
storm-time magnetio disturbance Dm. 
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It is now evident that the average difference between the daily mean 
value of a magnetic element on disturbed (or all) days and the daily mean 
value on quiet days, i.e., is in fiskct equal or proportional to the daily 
mean of Dji. 

Z>|. — ^The remainder of D is wholly irregular being neither related to 
storm-time nor to solar time. This irregular part of is denoted by 2>|. 
Obviously, it can be obtained by subtracting Sd and Z>«| from D. 

(in) Lunar diurnal varialion L. — ^Besides the variations mentioned above 
there is a regular semi-diurnal variation connected with the lunar day. 
The magnitude of this variation is very small — about one-tenth of the solar 
variations — and cannot be detected by mere visual inspection of the records 
of the magnetic elements of a single day as is the case with the solar daily 
variation. In order to make reliable determination of L material for 
many years is necessary. The computation can be done in the following 
way. 

The monthly mean value of the magnetic element is subtracted firom 
the mean hourly values for the month, giving a set of 24 hourly departures. 
From the value of the element at each hour during the month, the departure 
for that hour is subtracted, leaving a set of hourly values free from solar 
daily variation. These hourly values will vary because they contain L and 
also because of magnetic disturbance. A large number of sets of these 
24 successive hourly values are now arranged in rows, each commencing 
with the hour nearest to that of the lunar transit. If now the means of 
the hourly values in each column are taken then the variations due to the 
magnetic disturbance will cancel out as they are not related to the lunar 
time. The final row will thus give only that part of the variation of 
the earth’s field which is related to the lunar time, i.e., the lunar daily 
variation L. 

General statistical methods for the determination of S and L have been 
described in full by Chapman and Miller [11]. 

The classification of the transient magnetic variations described above 
will be clear fix>m the chart below: 

TRANSIENT TERRESTRIAL MAGNETIC VARIATIONS 


Quiet Day Variations Disturbance Variations 


1 

1 

[ 

L 


Solar Diurnal 

Lunar Diurnal 


Variation 

Variation 1 



1 1 

1 1 


Disturbance Storm-time Irregular 

Daily Variation Variation Variation 

(iv) Dependanee on kUUude of the average daily varialion curves . — ^The 
average shape, phase and amplitude of the variation curves dischssed above 
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depead on the latitude of the place of observation. (The amjditude of 
the average daily variation curves also depends on the season of the year 
and on the epoch of the solar cycle. These will be referred to later.) 

In Figs. 6, 7 and 8 the Sf and iS^jj-curves for the magnetic elements 
H and V and TF-declination respectively are shown for a number of 
latitudes [12]. The curves 1 to 6 refer to the following observatories 
or groups of observatories: 

(1) Sitka, Mag. Lat. 60°. 

(2) Pavlovsk, Mag. Lat. 56**. 

(3) Pola, Potsdam, Greenwich, mean Mag. Lat. 61*. 

(4) Zikawei, San Fernando, Cheltenham, Baldwin, mean Mag. 

Lat. 40*. 

(6) Batavia, Porto Rico, B[onolnlu, mean Mag. Lat. 22*. 

In each of the figures, column (a) depicts Sf while (6) and (c) depict 
8 d derived respectively from disturbed days, i.e., from 84 , and from all days, 
i.e., from 8 . It may be noted that on disturbed days the quiet day varia* 
tions shown in (a) are superposed on those shown in (b). 



Fio. 6. Average daily variation carves of H at different magnetic latitudes 
{a) S^ i (h) Sj, - Sj -S, ; (e) Sj} - (After Obapman.) 
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ng. 9 diowi tile stonU'tiine ohengee at three groops of obsenratories 
indioated in the figure [13]. The difforenoe in the hours plotted in the 
ahsoiMa in tiie two sets ci diagnons, Figs. 6-8 and Fig. 9 should be noted. 
In Figs. 6-8 the absdssa is local time and the origin is 0 hour local time; 
in Fig. 9 the abscissa is storm-time and the origin is the time of commence^ 
ment of the storm. 

Fig. 10 shows the lunar diurnal Tariation of the magnetic west com- 
p<ment at Batavia, derived as explained above [14]. It is seen that for all 



Fio. 7 . Avenge deiljr verietion eurvee of V at different ntagnetic letitndee: 
(a) 8^1 ( 6 ) 8/^ » 8f —Sfi (e) 8]f 8—8^. (After Chapman.) 


phases of the moon the variation is much more pronounced during the 
daylight hours (thicker portions of the curves) than at night. The mean 
variation averaged over all the phases is a simple sine curve of period 
12 hours. The variation for each individual phase is not so simple. (The 
average £-variation also depends on the latitude of the place of observa- 
tion, though, curves depicting same are not given. The ^-variations will 
be further discussed in Sec. 4.) 

The distinctive fisatures of the different types of transient variations 
may thus be summarised: The magnitude of the variations is always 
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small bring only a few thonsandths or a few ten^thonsandtlui of the perma* 
nent magnetic field. The L-variations are about one*tenth of the 8-vam~ 
tions. The periodic variations are related either to the solar time or to the 
lunar time, i.e., for ah observer situated on the sun (or on the moon) the 
disteibution of the solar (or the lunar) variations over the surface of the 



Fxo. 8. Average daily variation curves of W« Deo. (in force units) at different 
magnetic latitudes: (a) ; (6) Sj^ » ; (c) » SSq. (After Chapman.) 

earth appears more or less constant with time. In contrast to the’iSf and L 
variations the storm-time variation is related to the so-called storm-time. 
The storm-time field is symmetrical with respect to the earth’s magnetic 
axis. 


3. THE QUIET DAY SOLAR VARIATION 
(a) The main features of variation , 

Fig. 6 column (a) shows some of the important features of the quiet 
day solar variation of the horizontal force. We notice, for instance, that 
the amplitude of the variation is generally greater during daylight hours 
than during the night and that the variation changes phase at a latitude 
somewhat below 40*^. The amplitude of 8q has also an annual variation 
*4 




(not shown in the fig^ore) which is particularly noticeable in moderate and 
hi|^ latitudes; the amplitude is greater in summer than in winter. Further, 
the intensity of 8g is found to vary appreciably from day to day even 
during podods which are magnetically quiet. day-to-day variability 
has been discussed in considerable detail by Has^awa [16], 

(b) Variation of with the sunspot cycle 

The amplitude of 8f also varies with the sunspot cycle. It is notably 
greater in years of sunspot maximum than in years of sunspot mltiitnnm 
The close correlation between the range of 8^ tMd the annual mean sunspot 
nnmbws is shora in Fig. 11 where curve B refers to the range of tiie mean 
annual 8f variation of H at Bombay, India, and curve 8 refers to annual 
mean dunspot. numbers. It will be noticed that the variation of B, though 
not sfrictly parallel to the variation of the sunspot number 8, closely 
followed the same throughout the eleven-year cycle 1894-1906. 

a4B 
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Fra. 10. Lunar diurnal variation of magnotio weat oomponemt (ia foroo unita) at 
Batavia for different jdiases of the moon and the mean variation averaged over 
all the {diaaea. (After Chapmen.) 

We may thus summarize the facts regarding 8 ^ by saying that it is 
larger over the sunlit than over the dark hemisphere; that it is also so over 
the summer than over the winter hemisphere; and that the intensify of 
the 6^, -field varies with the sunspot cycle and is from 60 to 100 per cent 
greater at sunspot maximum than at sunspot minimum 



Fie. 11. IQastrating ttw paralte li am between the range (E) of annual mean of the 
hoiiaontal foroe (at Bombay) and annual mean sunspot numbeHi^(i9). 
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(e) The atmospheric current system for the 5^ ‘field 

AnalyBiB of the Sg vatiationa by a method first indicated by Qauss 
[16] and later develop^ by Schuster [17] shows that the jSffield possesses 
a potential, i.e., the field is produced by magnetism or electric currents 
ezistang above or within the earth. It further shows that the origin of 
the Sffield lies neither wholly below nor wholly above the earth’s surface. 
•The major portion — about two-thirds to three-quarters— of the total 
fidd near the surface of the earth has its origin above it and is called the 
external part Sg*. A minor portion has its origin below the surfoce and 
is called the internal part Sg*. 

It is found that the external and the internal field systems which 
together produce the observed Sg variations on the surface of the earth 
axe not unrelated to one another. Harmonic analysis of the Sg* and Sg* 
fields shows that the amplitude ratios and the phase differences of their 
different periodic components are similar. This suggests that there is a 
causal relation between the Sg* and Sg* fields and, since the former is much 
greater than the latter, the external part Sg* should be the cause and the 
internal part Sg* should be its effect. There is also an obvions way of 
associating the internal field with the external field. Any variation in the 
agency causing Sg* can, by magnetic induction, produce secondary current 
systems inside the earth. In fact, if we assume that the interior of the 
earth has a urtiform conductivity of 3'6xl0~i* e.m.u. throughout a con 
centric core of radius 4 per cent less than the earth’s radius and that the 
outer 4 per cent of layer of thickness 260 km. is non-conducting, then the 
observed amplitude ratios and the phase differences between the various 
components of the Sg* and Sg* fields can be explained as due to the 
induction of the Intter by the former [18, 19]. 

From what has been said above it is evident that the origin of the exter- 
nal part Sg* is the ultimate origin of the iSf, -field as observed At the earth’s 
surface. Since the atmosphere is practically non-magnetic and non-condnct- 
ingup to about 60 km., we can conclude that the origin of the Sg* must be 
abqye Ibis height. The presence of conducting ionospheric layers above this 
heij^t provides a possible medinm for current systems which, togeiher 
with the cTurent systems induced by them inside the earth, may produce 
the observed Sg variation. The nature of the external current system 
which might {nx^uce the observed Sg variation can be computed, indepen- 
dent of any theory regarding the exact maimer by which the current system 
is produced. This has been done by Bartels [20] by applying the laws 
of electromagnetism and utilizing the results of spherical harmonic analysis 
ci rite Sg variatiims made by Chapman [21 ]. The results of tiie calculations 
are shown in Figs. 12 and 13. Fig. 12 shows the current distribution on 
a Mercator projection during the equinoctial period and Fig. 13 that in 
June. The meridians of longitude are not fixed with respect to the earth 
but are so relative to tire sun. The current system will therefore appear 
stationary to an observer on the sun. It is clear that as the earth revolves. 
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a point on a given latitude is brought auooessively under different parts 
of the current sheet in this latitude and experiences a corresponding diurnal 
variation of magnetio force. 



Fio. 12. Upper atmospheric current system at a height of about 100 km. which may 
produce the observed 3q variation of magnetic elements during the equinoxes. 
(After Chapman and Bartels.) 



Fko. 13. Upper atmospheric current system at a height of about 100 km. which may 
produce the observed Sq variation of the magnetio elements in June. (After 
Chapman and Bartels.) 

The arrows indicate the directions of the current flow and the lines 
are drawn such that between each pair of adjacent lines a current of 10»000 
amperes flows. There are four current systems, two to the north and 
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two to the south of the equator, each flowing round a centre of focus. For 
the equinoxes (Fig. 12) the current system is symmetrical with respect 
to the equator. For the sunlit hemisphere the foci do not lie on the noon 
meridian but are removed about 2 hours from it. It may be noted that 
the equatorial current intensity per cm. 'across the meridian has an 
eastward maximum of 2x10^^ e.m.u. at 11 h. and a westward maximum 
of 10 * e.m.u. at 17 h. The total current flow is much greater in the 
sunlit portion than in the dark portion of the earth, so that the -field 
is greater at day than at night. The current system shown in Fig. 13 for 
June is not so symmetrical as that of Fig. 12 for the equinoxes. This is 
because at the equinoxes the northern and southern hemispheres are 
equally lighted by the sun, whereas in June, i.e. near the summer 
solstice, the northern hemisphere is lighted up to a greater extent than 
the southern hemisphere. The total current flow in the day-circuit in the 
northern hemisphere is 89,000 amperes in June but is reduced to 62,000 
amperes at the equinoxes. 

Results of measurements of total magnetic field intensity at high 
altitude appear to show that the Sg current system flows in the ^-region 
[see Chap. XII, Sec. 4(gp)]. The same conclusion is also arrived at by Terada 
[22] who has constructed the Sg current system by a simple method* 
Martyn, however, considers that the main current is in the Z)-region [22a]. 

4. THE LUNAR DAILY VARIATION L 

We have already noted that the variations of the magnetic elements 
contain a part which follows the lunar day and is called the lunar daily 
magnetic variation L, The amplitude of L is much smaller than that of Sg 
and the procedifl'e by which it can be isolated from other variations of 
much larger magnitude has been indicated. We now describe briefly the 
salient features of the L-variation. 

(a) The JL -variation 

If the Zr-variation is derived from all days in a particular month for a 
number of years or for all days in a year, it is found to be very simple. 
The curve representing this monthly mean L is a double sine- wave as men- 
tioned before. One can also derive L from a large number of days all at a 
particular phase of the moon such as the new moon, full moon, etc. When 
so determined the curve is not so simple as the curve for all days of the 
month or the year. It is found that the portion of the curve which corres- 
ponds to daylight hours has greater range than that of the remaining portion 
which corresponds to the hours of darkness. Fig. 10 represents a series of 
such curves drawn for successive phases of the moon [14]. Since during a 
whole lunar month or year, the daylight hours are equally distributed over 
all parts of the lunar day, the light to darkness inequality is cancelled out 
in the mean L obtained by averaging the variations for all the phases in a 
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lunar month and a double sine-wave is obtained. This is shown by the 
curve at the bottom of Fig. 10. 

Just as the quiet day solar variations Sq increases in amplitude from 
winter to summer, so also the amplitude of L shows a seasonal variation. 
However, the summer to winter ratio of L is much greater than that of Sq. 
An inspection of Figs. 15, 16 to be described presently shows that the total 
current in the main circuit of the overhead current system for L at the 
equinoxes is about 5,300 amperes whereas in the summer it is about 11,000 
amperes, the ratio being about 1 : 2*6. 

At Huancayo on the magnetic equator (South America) the lunar 
diurnal variation in H is of large magnitude, not only in absolute units 
but even relative to 8^ which itself is known to be exceptionally large at 
this station. This may be compared with other stations where, as already 
mentioned, L is so small that it can be extracted only from many hourly 
values. 

Bartels and Johnston have taken advantage of this special characteristic 
of the magnetic variations at Huancayo for determining the geomagnetic 
tidal effects in H [23]. They selected from the magnetogram records of 
the period 1923-1939 days with exceptionally large values of L (the *big- 
Z/-days’) and determined therefrom the lunar semi-monthly waves in 
the range of H for every hour of the solar di^y (see Fig. 14). Striking day 
to day changes in L have also been detected. But, L and 8 fluctuate rather 
independently of each other and the relative fluctuations of L appear to 
be larger than those of 8. As expected, the lunar semi-monthly waves 
in the range of H change with the season and with the solar cycle. There 
is, however, some difference in the changes as compared to those of 8, 

(5) Variation of L with sunspot and magnetic activities 

The observed increase in the range of L in daylight hours and also in 
summer naturally suggests that, like 8q^ L will also vary with the sunspot 
cycle. In order to verify this L is determined for groups of years having 
roughly the same mean sunspot number. For comparison, Sq is also 
determined for the same groups of years. The range of L and also that of 
Sq are then plotted against the mean sunspot number. It is seen that while 
the range of 8q increases about two-fold from years of least to those of 
greatest sunspot number that of L increases only slightly. 

In the work of Bartels and Johnston [23] at Huancayo mentioned 
above it was found that in the months November to March (when L is 
larger than in the rest of the year) both 8 and L increase proportionately 
to each other from sunspot minimum to sunspot maximum. But, around 
June (when L is small) it does not im-rease (as the 8 does) in the same 
manner from the minimum to the maximum. 

We have already seen that during periods of magnetic distlirbances, 
the solar daily variation consists of two parts Sq and Sj). Of these two, 
Sd varies in intensity (but not in form) in accordance with the degree of 
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thio dbtarbanoe. In a similar manner L also increases in intensity as the 
disturbance increases but the increase is dependent on the particular 
magnetic dement and the place of observation. For instance, at Batavia, 
south of the magnetic equator, the L variation of the declination increases in 
amplitude about ten-fold from the quietest to the most disturbed days of 
the year; for the declination at Greenwich the increase is only about two-fold. 

(e) The external current system for L 

The external current system which may produce the observed X- 
variation of the magnetic elements can be calculated by the same method as 
ai^died in the case of 8^. Figs. 16 and 16 depict the overhead current 
systems which would produce the X- variations at new moon at the equinoxes 





Pie. 15. Upper atmoqiherio oumnt system at a heidxt of about 100 km. which may 
pioduoe the observed lunar diurnal variation of magnetie dements during the 
equinoxes. (Alter Chapman and Barteb.-) 


and at summer solstice respectively. Themeridiansrefortoloeallunartime; 
since the figure is for new moon, the sun is on the 12 hour meridian. The 
cuirait lines are drawn 1,000 amperes ^Murt. In the sunlit hemisphere at 
the equinoxes the currents flow in four closed circuits the intensity of 
each being about 5,300 amperes. In the night hemisphere the currents flow 
, in two circuits one to the north and the other to the south of the equator — 
the intensity of each being about 1,200 amperes. *Th& is in conformity 
with the greater range of X duri^ daylight hours than during night. At the 
rammer solstice the current flow is restricted to two main circuits in tiie 
sunlit hemisphere of which the stronger one carries about 11,(K)0 amperes. 
TUs is more than double the current in the daylight equinoctial circuits. 
This is in accordance with the relatively luge seasmial variatioh'^ X. 
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It is to be noted here that the intensity of the overhead current systems 
for 8q (Figs. 12, 13) is much greater than the corresponding current systems 





30 * 




»• 






Fio. 16. Upper atmospheric current system at a height of about 100 km. which may 
produce the observed lunar diurnal variation of magnetic elements in June. 
(After Chapman and Bartels.) 

for L (Figs. 15, 16). For instance, at the equinoxes, the ratio of the current 
intensity in each main circuit of 8q^ to that of L is about 12 : 1. 


5. THE DYNAMO THEORY OP AND L 

Various hypotheses have been proposed to explain the origin of the 
upper atmospheric current systems as would produce the 8q and L varia- 
tions. Of these, the oldest, known as the dynamo theory^ due to Balfour 
Stewart [24] and to Schuster [17] is now the most widely accepted one. 
(The theory was suggested for the 8q variation as the L variation was not 
known then.) This will now be discussed. Two other theories of 
one known as the diamagn^ic theory due to Boss Gunn and the other 
as the drift current theory due to Chapman have also been proposed. 
Readers interested in these may refer to the original articles [25, 26] or 
to Chapter XXIII, Secs. 14 and 15, Vol. II of Geomagnetism by Chapman 
and Bartels. 

Before entering into a discussion of the dynamo theory it would be 
helpful to have some idea of the electrical conductivity of the ionized layers 
of the upper atmosphere. 

(i) Conductivity of the upper atmospheric regions , — ^It can be shown 
[27] that the conductivity due to a charged particle per unit volume of an 
ionized gas for an alternating electric field of angular frequency p is 

e* V 


(3) 
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where e and m are the charge (in e.m.a.) and mass of the particle, and v 
the frequency of collisions which the free charged particle experiences 
[see Appendix, Sec. 3(a)]. For a steady e.m.f. {p = 0) the formula reduces to 



Assuming that there are electrons and ions of only one kind and that 
their respective number densities are and we may write for the con- 
ductivity per unit volume, 

c = (5) 

where a, and refer to an electron and an ion respectively and are given by 




and at 


jL 

miVi * 


and being the mass of an electron and of an ion respectively. 

If the ionized gas is under the influence of a magnetic field then the 
expression for a differs for different directions with respect to the field. 
This is due to the gyration of the charged particles round the direction of 
the field. The conductivity in the direction of the magnetic field is un- 
affected by the presence of the field. The conductivity in a direction per- 
pendicular to the magnetic field is given by 




••ha, say, 


H 


( 6 ) 


where ( = mIFe) is the angular gyro-frequency, and F is the intensity of 
the total magnetic field [27]. 

It is to be noted that in the direction of the magnetic field the con- 
ductivity increases as v decreases and tends towards infinity as v approaches 
0. In directions perpendicular to the field, however, the transverse con- 
ductivity a^ attk^ins its maximum limiting value when v is equal to 
and reduces to 0 as v approaches 0 or tends towards infinity. 

Both a and b (Eq. (6)) vary with the nature of the charged particles so 
that the net transverse conductivity per cm.^ is given by 


— 

If it is assumed as before that the medium contains electrons and ions 
of only one kind, we can write 

a^^7iJ)ya^+Vfh^i .. ( 8 ) 

where and b^ refer to an electron and an ion respectively. 


Tables III and IV show the conductivity of the atmosphere at various 
heights between 60 and 300 km. The number densities of electrons at 
levels 100, 150, 200, 250 km. given in the tables are based on measurements 
by radio method during a summer noon [see Chapter VT, Sec. Ac(d)]. The 
values for regions in between are only probable values. It is assumed 
that the number of positive ions is equal to that of electrons at all heights. 
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The values of v given in Table III are those which seem to be the most 
probable. 

Tabub m 

CandueHviiy in the direetian of the magnetic fiM 


Height 

(km.) 

Number of 
electrons 
or ions 
per cm.* 

Collisional 
frequency 
of elec- 
trons. 
(V.) 

Collisional 
frequency 
of ions. 

w 



(= V.+ V<) 

(e.m.u.) 

60 

n^=5xl0* 

n^«6xl0» 

2X10» 

2-5 X 106 

1-4x10"*® 

2X10"** 

8xl0"i* 

100 

106 

2x106 

6x106 

1-4x10"“ 

8-5x10"** 

■ 1-4x10"” 

150 

1-5X106 

5x104 

1 - 6 x 106 

6-«XlO"“ 

3-6x10"*^ 

8-4x10"“ 

200 

7x106 

1-6x104 

5-1x106 

1-8x10"” 

l-lXlO"*® 

1-3x10"” 

250 

10® 

2-5x106 

1-1x106 

1-1 X 10"“ 

1-0x10"“ 

M Xl0"“ 

300 

10« 

1-6x106 

6-9x10 

1-8x10"“ 

1-6 X Kris' 

1-8x10"“ 

1 


Table IV 

CwtductwUy transverse to the moffftetic fidd 


Heif^t 

(km.) 



B 

".V. 


9 

(e.m.u.) 

60 

•»^a.5Xl0* 

n^aSXlO* 

1 

1 

7X10"“ 

lx 10"“ 

8Xl0"“ 

100 

106 

1-4x10"® 

1 

2-0x10"“ 

8-6x10"” 

2-9x10"“ 

150 

1-5x106 

s-oxw® 

1 

7-6x10"” 

6-3x10"“ 

6-0x10"“ 

200 

7xl0» 

0-1x10"® 

-96 

1-1x10"“ 

7-4x10"“ 

7-6x10"“ 

250 

106 

2-2x10"* 

Ol 

2-4x10"” 

2-6x10"“ 

2-6x10"“ 

300 

106 

9-1x10"* 

•12 1 

1-6x10"” 

1-8x10"“ 

1-8x10"“ 


It is to be noted that for electrons the transverse conductivity 
a begins to differ from the longitudinal conductivity, at a height of 
about 100 km. whereas for ions the difference is negligible even up to 160 km. 

(ii) The dyitamo theory . — ^The dynamo theory as conceived by Balfour 
Stewart is that the 8q variation is caused by horizontal movements of the 
conducting upper atmosphere across the magnetic field of the earth. We 
may picture the conducting ionized region of the upper atmosphere as the 
armature of the atmospheric d 3 mamo, the earth being its permanent field 
magnet and the atmosphere carrying the conducting layer the rotor. 

If a conductor moves with velocity t; in a direction at right angles to a 
magnetic field of intensity F then an e.m.f. E is induced in the conductor, 
given by JS a» — vF, per unit length of the conductor, where E, v, F are 
componi^nts along the positive directions of the X, 7, Z-axes of a left- 
handed co-ordinate system. In the case of the atmosphere, the motion is 
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caused by the tidal ebb and flow produced by the gravitational pulls of the 
sun and the moon. We have discussed in Chapter II the atmospheric 
pressure oscillations due to this tidal movement. The oscillations are 
found to be composed of a few sinusoidal pressure waves of which the most 
important is a solar semi-diurnal one of period 12 hours. The world dis- 
tribution of this pressure wave may be represented, after Chapman [21], 
by the formula 

ip = sin [2(A+<')+164T • • . • (9) 

where ip is the change of pressure above or below the normal, P^^ and P^^^ 
are the spherical harmonics which closely represent the pressure distribution, 
A the longitude, the local time measured in degrees from the midnig ht 
meridian and A and B are constants [see Chapter II, Sec. 2(6)]. 

The main steps for 'calculating the e.m.f.’s generated are as follows: 

The air velocity at a point in a wave-fleld, where the pressure change 
is small is given by a velocity potential such that 


dt ^ p 


( 10 ) 


where C is the velocity of sound in the medium and p is the normal pressure. 
Hence 



Substituting for Sp from Eq. (9) and integrating we obtain 
^ ^ [APa^~-'BP 4 *J cos [2(A+<')+164“], 

**7rp 


( 11 ) 


N being the number of seconds in a day. The northward and eastward 
components of the air velocity are therefore given by 


“'f ade 1 
* asin^dA-^ 


( 12 ) 


where $ is the colatitude and a the earth’s radius. The velocities being 
known from the above equations it is easy to calculate the induced electro* 
motive forces due to the motion of the charged particles across the vertical 
component of the earth’s magnetic field Z. Thus 

Eastward e.m.f. a. —u^Y,Z \ 

Northward e.m.f. =. Ug'X.Zy " , 

The air-velocities as calculated [28] from Eqs. (12) are shown in 
Fig. 17. The corresponding induced electro-motive forces as obtained from 
Eqs. (13), »»niniing the value of Z to be constant along each parallel 
of latitude, are represented in Fig. 18. It will be seen that at the equator 
where the value of the vertical component of the magnetic field is zero, the 
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indaoed Is also zero. The oorrent in this r^on is diiven by the 
ejn.f.’s induced in highw latitudes. 




' 40 ' 


20 * 


0 * 


20 ’ 


^4cr 


•6(f 


Ita. 17. Diatrilnition of air velooitias caused by solar semi-diurnal atmoqidierio tides, 
tba sun being on the 60* meridian (i.e., at 11 h. local time of the 76* W. meridian) 
Arrow aeale: 60 em./seo. for a length equal to the side of the small aqnaiee. 
(After MoHiah.) 

\ 

Nov it has been shown by Chapman that the total conductivity of the 
imtized regitm has to be of the order of 2‘6x 10 ~b e.m.u. in order that the. 
ounent strength may be that necessary for producing the observed 8 , 
vaiiathm. The total conductivity Jo dA between 60 and 300 km. may also ' 
be calculated with the help of Table IV. (We use Ta^le IV raiher than 
Table III because the currents have to flow over a' large p<»ti(m of the 
oircuit in direotums transverse to the magnetic field.) The total conduc* 
tivi^ thus obtained b of the order of 10*7 e.m.n. 

There is thus a discrepancy of two orders betweeii(the total*dondno< 
tivity obtained from radio measurements and that ' demanded by the 
dynamo tiieory. This has been regarded hii one of the stumbling blocks 
of the dynamo theory. The follciwing considerations show, however, that 
this difficulty is to a large extent more apparent than .real. 

In calculating the e.m.f.'s due to tidal motions the t^ilocities of the air 
particles have been deduced frpm the observed of barometric 

osdllations near the ground. Cut as shown % (Jtopter n tiie mode of 
atmospheric osoiliations is such that the TekM^ lldal motion above 
30 km. (height of the nodal surface) is abouhi^Qlfctlmes.'^ velocity bdk>w 
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this height. The e.m.f. developed should therefnce be 200 times that 
oolcolated above. The total conductivity neoessaiy to luodace the required 
intensity of current system need thus be only l/200th of that mentioned 
above (2-6x10''* e.m.u.). 



Fia. 18. Distribution of eleotroinotivs forces oMissd by tbe sir motion depicted in 
Fig. 17 assuming the earth’s magnetio field to be that due to a dipole at the centre 
with axis along the geographical SiZis of the earth. Arrow scale: 0-028 volt/km. 
for a length equal to the side of the small squares. (After McNish.) 

Another explanation of the difficulty that is sometimes suggested may 
aLw be mentioned. It is possible that there is copious production of 
negative ions on account of the strong dectron affinity of the 0-atoms (and 
also, to a lesser extent, of the Ormolecules). Hence, contrary to the 
assumption made above, the number density of the ions (positive and 
negative together) might, instead of being the same as that of the electrons, 
be several orders hij^er. • The conductivity of the current carrying regiens 
would also be correspondingly higher and may thus be adequate to explain 
the variation. 

(iii) Some unexplained featurea of Sf and Z v^triaibnu . — ^The dynamo 
theory in its simple form as discussed above cannot ex^ain all the details 
of the Sf and L variations. We mention below some of the difficulties. 

It has already been indicated that the Sf and iho L current systems 
undergo large seasonal changes; they are more intenst ha. summer than in 
the equinoxes. But, while the snmmer/equinox ratio Ibr the L current 
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systems is 2'6, that for the 8^ system is only about half as much. (This 
anomaly is as yet unexplained.) 

Both 8f and L current systems increase from sunspot mitiiniiini to 
sunspot maximum of the solar cycle. But, contrary to what may be 
expected from the nature of the seasonal variations, the increase in 8f 
is greater than the increase in L. Thus, while 8f increases by about 60%, 
L increases by only about 20%. (This may necessitate the supposition 
that the 8f and L current systems lie in different ionospheric layers with 
some phase difference between their motions.) 

At Huancayo (South America) situated on the magnetic equator and 
between the north and south current foci, the range of diurnal variation 
is found to be twice as large as at other places. (See Fig. 14.) This has 
been tentatively explained by McNish as due to the obliquity of the 
geomagnetic axis. But, according to Egedal [29] this increase in the range 
of £f is confined in a narrow zone, near the magnetic equator, and may be 
produced by a varying electric current flowing in a very narrow strip at a 
height of about 100 km. above the magnetic equator. 

The intensity and the foci of the 8f current systems are found to vary 
quite appreciably from day to day as has been studied in considerable 
detail by Hasegawa [16]. The latitudes of the foci may alter for example, 
by as much as 16** producing different variations along a line of latitude. 
(Such variations may be due to variations of conductivity and/or of wind 
velocity in the ionospheric layer where the current system lies.) 

6. MAGNETIC DISTURBANCES— THE AND D, 

VARIATIONS 

As mentiqned before, the disturbed parts of the magnetic elements 
might be grouped into two main categories. There is one part 8o which 
varies with the local time and there is another part Da which is symmetrical 
about the earth’s axis and occurs simultaneously over the whole world. 

In the present section we shall first deal with the nature of the 8d 
and the Da variations and then discuss the upper atmospheric current 
systems which may produce the observed variations. 

(a) The field 

It has been found that the nature of the So variations depends to a 
marked degree on the latitude of the place of observation. An inspection 
of the horizontal force So curves given in Fig. 6, columns b and c, shows 
that in the middle and moderately high latitudes they differ from the Sf 
variation in the following respects: 

(i) Unlike 8f the amplitude of the So variation is approximately 

the same during day as during night. 

(ii) The phase of the variation is reversed somewhere between 61** 

and 66* latitude. . 
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(iii) The amplitade deoieases £rom eqnatw ap to thia latitude and 
then increaBes. 

For regions of higher latitude the So 'variation difiers markedly from 
that in regions of lower latitude, Le., between latitudes ±60^ The form of 
the S'o field in the polar regions is closely associated with the auroral 
belts. 

A remarkable feature of Sp in high latitudes is that it rapidly begins to 
exceed as the auroral zone is approached. The variations in H and F 

of the 8o part of the field, as one 
proceeds from lower to higher latitudes, 
KisGVA FJORD \ Z’ are depicted in Figs. 6 and 8, column 

\ / / ^> ^ 'vrhich represents the 

\ - \y f annual mean 'all-days minus quiet- 
CAR TBORDSBS -s — -4— jays’ 8o variation of vertical force in 

\ / polar regions. It will be noticed from 

fosr RAE ' i these figures- that unlike the 80 curve 

/\ for ff, the 80 curve for the vertical 

FOiHT BARROW J \ force does qpt change sign at 66*. The 

^ amplitude of the^ F-curve goes on 

\ / steadily increasing from the equator to 

JAB UAYSB — — 'j~ this latitude. At the magnetic latitude 

of 64* (Nova Zembla), i.e., near the 
NOVA ESMBLA *— _ isochasm of maximum auroral fre- 

quency the amplitude of F decreases 
BOSSEKOP / \ considerably. (lines of equal fireqnency 

\ of occurrence of auroras are called 
wocAosms.) Beyond this latitude, as 
0 4 9 a m 20 24 one proceeds inside the auroral zone, 
U3CAL TIMS (ho umJ the verti(»l force 8 d again increases in 
0 so nor amplitude but with the phase reversed. 

veRTKAL FORCE SCALE The horizontal force 80 also under- 

_ . , ' „ goes marked changes as one approaches 

Fn*. 19. Annual mean 8d variation f. , „ ... , 

(allHiay.«in«.«i«irt.day.) of vertical auroral zone. Unlike the change 

fbroe in polar regions. The magnetio m tll6 VOrtlCSrl fbrc6 8 d thCTO IS not 
latitudesof the stations are: Kingua merely a change in phase, but also a 
Fjord 70*, Cap Thordsen 74-6*, Fort striking change of type. This is most 

convenientiy Jown by the horizontal 

sekoper. (After Chapman-^ for®® vector' diagram for 80 . .These 

> curves are drawn in the following 

manner. A vector OP is drawn from a fixec} origin 0, its length 
representing the magnitude of the 8j) part of H and its direction 
the declination. As this length and the declination vary the point 
plotted over 24 hours desajd^^ a closed curve the non-periodic variation 
having been allowed for. Pig. 20 depicts such curves which are 
derived firom all-days minus quiet-day means. Between latitudes dbM* 


CAP THORDSES 


FORT RAE 


POINT BARROW 


JAN MAYEN 
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Fm. 19. Annual mean Sd variation 
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these corves are roDj^y of oval At Sitka (mag. lat. 60*) the 

carve has still some resemblance to a roogh oval form; but at Sodankyla 






Fio. 20. Horizontal force Sj) vector diagrczna for high latitudes. The magnetic 
latitudes (north) of the stations are: Sitka 60**, Scdenkyla 64*, Bcbsekop 67**, 
Kingun Fjord 79% Cape Evans 83*. (After Chapman.) 


and Bossekop (mag. lata. 64^ and 67*) the curves are very narrow and 
elongated. These two stations are nearly under the zone of maximum 
auroral intensity. Closer inspection shows that the direction of elongation 
is nearly normal to the direction parallel to the auroral zone. At 
Kingua Fjord and Gape Evans (mag. lats. 79* and 83*), stations which are 
well beyond the auroral belt to the north, the curves regain their oval forms 
and are, in fact, approximately circular. It should be noted that the vector 
diagrams for the different stations are dtaiwn to different scales. The scale 
is so chosen that the figures are of similar size so that the change of form 
may be easily studied. 

The reversal of phase of the vertical force Sj) variation and of the 
sudden change of phase and type of the horizontal force variation within 
the narrow region of the auroral belt, on either side of which the range of 
variation itself is so large, constitute perhaps the most striking feature of all 
the average characteristics of world-wide terrestrial magnetic disturbances. 
a3B 
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(t) The Dm field 

As indicated before there is a part of the D field which is not dependent 
on local time bnt which is of a world-wide character affecting both the 
northern and sonthem hemispheres simultaneously. The method by which 
the charaoteristio features of these world-wide variations — ^the so-called 
magnetic storms— can be separated from other irregular and local time 
variations has already been indicated [Sec. 2(6)]. According to their 
intensities the storms are classified as great (200y), active (lOOy) and 
moderate (60y). (The values enclosed within the brackets indicate the 
maximum range of variation.) Typical storm-time variations of the 
magnetic elements for storms of moderate intensity as obtaihed from records 
of 11 observatories for a set of 40 storms, are shown in Fig. 9. The three 
sets of diagrams are for three sets of stations grouped in different magnetic 
latitudes as indicated in the figure. The characteristic features of these 
variations are as follows : 

The horizontal force variation commences suddeidy. (Usually denoted 
by S.D.-audden eommeneement.) It at first increases above the normal 
undisturbed value, remains so for a few hours and then decreases rapidly, 
attaining a minimnni value which is generally greater than the initial 
increase. It then takes several days for the depressed value of JET to regain 
its normal value. The recovery is at first rapid and then slows down 
considerably. The increase is called the initial phase of the storm. The 
decrease up to the point at which the rate of recovery begins to slow down 
is called the main phase. The period of slow recovery is called the last 
phase or the phase of recovery of the storm. 

The change in the vertical force is much smaller than the change in the 
horizontal force and occurs in the opposite sense; the average changer in 
declination is also small particularly in lower latitudes. Further, the 
variation of H decreases with increasing latitude. 

These considerations show that the storm time field over the range of 
latitudes depicted in the figure is of a very simple form. It is symmetrical 
about the earth’s magnetic axis; it has one direction during the initial 
phase and this direction is reversed during the main and the last phases of 
the storm. 


(e) Current systems for and Dm 

Harmonic analysis of the Dm characteristic variations shows that the 
main part of the storm time field is due to causes above earth’s surface [30]. 
No harmonic analysis of the So field has been attempted. But it is reason- 
able to suppose that this field also is due principally to causes external to 
the earth. It is therefore possible to determine the nature of the current 
qrstems which, independent of any theory as to their origin, should flow 
overhead to produce the observed So and Dm variations. (In Chapter IX 
current theories of the orig&i of magnetic storms will be discussed.) 
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We will .first describe the somewhat idealized current systems, as 
deduced by Chapman [30a], for the average Si and Da field of the set of 40 
storms of moderate intensity mentioned above. 

1^ Fig. 21, (a) and {b) represent the current system for the 8d variation 
as viewed from the sun and from above the north pole respectively. The 
central vertical line in (a) represents midday; the circle in thick line round 
the ^-pole in (6) represents the flow of current along the auroral belt. 
It may be noted that the currents along the periphery of the two halves 
of the circle are in opposite directions so that the circuits in each half are 
completed by the parallel lines drawn inside the circle. A part of the current 



Fia. 21. Idealized atmospheric current systems producing Sji^ variations as deduced 
from forty magnetic storms of moderate intensity. (After Chapman.) 

(a) View from the sun. (6) View from above the north pole. 
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may also be completed by flowing round the earth; this is shown by the 
central vertical line. 

In Fig. 22, (a) and (b) represent the current system for the Z)«i varia- 
tion as viewed from the sun and from above the north pole respectively. 

In Fig. 23, (a) and (6) represent the combined Sj) and Dgt current 
systems viewed as above. 



Fxo. 23. Idealized combined atmospheric current systems producing both Sd end Dst 
variations' (as depicted in Figs. 21 and 22) during magnetic storms of moderate 
intensity. (After Chapman.) 

(a) View from the sun. (6) View from above the north pole. 

It is to be noted that the current systems are flxed as it were 
with reference to the sun. The earth rotates with reference to this current 
system, so that a point on the surface of the earth at a particular latitude is 
brought under different portions of the current flowing in that latitude. 

Consider now the Sn current systems as shown in Fig. 21 . The current 
system would produce the following daily characteristic variations of the 
three components X, W and V on the surface of the earth. 

At the equator and on both sides up to the latitudes where the two 
closed current systems shrink to points, the north horizontal force (X) 
variation will have its maximum at 6 hour and minimum at 18 hour. At . 
the latitude noted above the phase of X variation will be reversed. From 
here up to the auroral belts this reversal will be maintained. 

On the two sides of the equator the variation of magnetic west com- 
ponent (W) will have opposite phases. Unlike X it will not suffer a phase 
reversal between the equator and the auroral belt. 

From equator up to the auroral zone the vertical force (V) diurnal 
variation will have the same phase; it will have opposite phases on the two 
sides of the equator. In northern latitudes the downward force vill be 
maximum at 18 hour and minimum at 6 hour; the daily range of variation 
will increase from zero at the equator to a maximum at a point a little to 
the south of the auroral belt. 
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An inspection of curves in columns b and e of Figs. 6, 7 and 8 shows 
that all these Variations are in general agreement with the observed data. 

The current system* depicted for the polar cap within the auroral 
%one will also yield the observed magnetic variations as given in Figs. 10 
and 20. We can infer from the current system that, as the auroral current 
belts are approached the horizontal force variation will become more and 
more directly transverse to the zone. PT-variation will decrease in* range 
and will vanish under the current belt while the ^-variation will remain 
the same in phase (minimum in the morning and maximum in the afternoon) 
and increase greatly in magnitude. The vector diagram of H wdll thus 
become rectilinear with its direction normal to the current belt and with 
its north and south elongations at 18 hour and 6 hour respectively. As 
we cross the belt the range of X will decrease but it will preserve its phase. 
W-variation will reappear but with reversed phase. Zf-vector-diagram 
wrill thus again become oval but will be described in a sense reverse 
(counter-clockwise) to that outside the auroral zone. Further, within 
the zone X-variation will vanish and will reappear with reversed phase 
while the Pf -variation will have the same phase everywhere within the 
zone. The sense of description of the jET-vector-diagram will thus 
be again reversed. There will therefore be three reversals in all of the 
horizontal force vector-diagram as one proceeds northward from the equator 
at latitudes of about 55^, 65^ and 76^, the intermediate latitude being that of 
the auroral current belt. From the fact that the vector-diagram within 
the auroral zone near the pole is nearly circular we may regard the H- 
variation as due to the rotation of the earth within a magnetic field which 
near the poles is roughly uniform and horizontal. The current system 
producing such a field is also necessarily a sheet of parallel uniform current. 

With regard to the vertical force we easily see that as the auroral 
belts are approached the phase of F-variation 'will remain unaltered up to 
the centre of the current belt; beyond this the phase \vill be reversed. 
The range of V Mill have a maximum at a latitude slightly loM'er than that 
of auroral belt and will decrease rapidly to zero value at stations directly 
under the belt. As we proceed further into the zone the range of V -variation 
will rapidly rise to another maximum a little to the north of the belt and 
from there will gradually decrease to zero at the pole that is the centre of 
the auroral zone. 

The current system for shown in Fig. 22, (a) and (6) is quite simple 
being every u'here parallel to the circles of latitude, directed east to west. 
It is easy to see that the magnetic field associated Mith such a current 
system will be directed southwards everywhere and Mill be most intense 
under the two current belts. These inferences agree Mith the observed 
facts. The vertical force will vanish at the equator and Mill be large 
and of opposite signs near to and on opposite sides of the current belts. 

It is to be remarked that these inferences with regard to the variation 
of the magnetic elements are only in general accord Mith the observed 
facts. There are discrepancies, but tUi'< is not surprising, since, in the 
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ourrent diagrams drawn the magnetio axis of the earth has been taken as 
coinciding with its rotational axis. The inclination between the two is, 
however, not inconsiderable, being about 11*5^ 

It will, therefore, be interesting to compare the idealized current systems 
of Figs. 21, 22 and 23 (average of 40 storms) with the ourrent systems for an 
individual storm. For this, we reproduce in Fig. 24 the computed current 
systems for an intense magnetio storm during the Polar Year 1932-33. 
^e computations are by Vestine [29a] and the figures depict the overhead 
currents as might have flowed at height of 150 km. on May 1, 1933, at 
16 h. to produce the observed 8j} and Da fields, at that hour, of an intense 
magnetic storm which commenced the previous day. (The original 
diagrams also showed the geographical distributions of the mean hourly 
disturbance vectors as recorded at the various observing stations. These 
have been omitted from the figures.) In computing the currents allowance 
was made for the effects of the induced earth currents. An inspection of 
the figures at once shows that the Sq (Fig. 24a), the Da (Fig. 246) and the 



Pxo. 24. (®) (6) and (c) the 

combined current ByBioms for an 
individual Btorm of Inrgo intenaity 
as compared to the ide.ilizotl current 
Bystema for Btorma of moderate 
intensity in Figs. 21, 22 and 23. 
The storm occurred on April 30-May 
1, 1033, and the current aystema are 
those as existed at 16 h. on May 1, 
1933, during the main phase. The 
computations are made on the 
assumption that the currents flowed* 
at a height of 150 km. 100,000 
'amperes are flowing between sucoes* 
live full-drawn lines. (After Vestine). 
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combined current systems (Eig. 24c) closely resemble the respective 
idealized current distributions in Figs. 31, 22 and 23 respectively. The 
intensity of the currents in the former is, however, about four times that 
in the latter. This means that the storm was about four times as intense 
as the average storm in Chapman’s computation. 

The computations of the current systems as made above are from 
general considerations of the observed variations of the magnetic elements 
without taking recourse to detailed harmonic analysis. This has been 
done by Slaucitajs and McNish [30]. The current systems obtained by 
these authors from spherical harmonic analysis of magnetic storms data 
also show three regions of maximal intensity, one near the equator and 
two others near the auroral zones, in fair agreement with the current 
systeni of Chapman described above. 

It should be mentioned that besides the current systems which produce 
the regular features of the magnetic storms, there are also sporadic electric 
currents which produce many irregular features. We mention here two 
instances [31] : 

There are local vortices of electricity known as Schmidt’s vrandering 
vortices about the size of the continent of Europe. In their form and 
motion these vortices may be compared to the cyclonQS and anti-cyclones 
of the troposphere. 

Another irregular feature has been discovered by Sangster. Sangster 
made a detailed study of ff-, D- and Z-curves of a large number of magnetic 
storms using the Greenwich records and found that the total force vector 
executes at some periods a clockwise and other periods an anti-clockwise 
rotation. This phenomenon seems to have some connection with the 
behaviour of current systems generated in a conducting sheet as studied 
by Price. Price showed that if the sheet is of uniform conductivity, the 
current would die away where it was. If, however, the conductivity is 
non-uniform, then the current system, during the process of decay, would 
move tow'ards the parts which are more conducting. 


(d) The energy of magnetic storms 

During a magnetic storm the total energy of the magnetic field in and 
around the earth is increased. For a medium of permealility unity, the 
energy density E in a magnetic field F is given by 



If jP is changed by A-P, the corresponding energy change is given by 




PAF 
4ir • 


During the initial phase of the storm, rises. During the decay 
of the disturbance field the energy is withdrawn and dissipated in the form 
of heat produced by the atmospheric current systems and the earth cunents 
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Apart from this^ during the production and increase of the current systems, 
and during the period of gradual relaxation before free decay, there is 
continual loss of energy in overcoming the electrical resistances. During 
this phase of the storm the electromotive forces supply the heat loss and 
also the energy of the magnetic field. 

According to Chapman [32] the amounts of energy lost as heat during 
the rise and the decay of the storm field are nearly equal. The energy 
loss during free decay is approximately equal to maximum excess 

energy of the magnetic field during the storm. Thus, the total energy 
supplied by the external e.m.f. during the course of the storm is 2 A£'o- 
The maximum excess energy A^o ^ measure of the energy of a 

magnetic storm. Chapman has shown that A^o nearly proportional 
to A^o» i^he maximum mean diminution of horizontal intensity on the 
equator. 

A storm for which AHq is lOOy, which may be taken as a standard 
storm of fairly largo magnitude, the total energy loss has been estimated 
to be of the order 10^^ ergs. This is supplied during the initial phase of 
the storm which is of the order 15 hours. Hence the rate of supply of 
energy is 2x10^® ergs, sec.-i This is but a small fraction of the energy 
from the sun intercepted by the earth, namely, 2 x 102* ergs, sec.-i 

(€) The irregular disturbances 

As already mentioned [Sec. 2(6)], there remains a part of the disturbance 
D| field, after Sd and Da have been separated out, which is wholly irregular. 
Being related neither to the solar time nor to the storm-time, these 
irregularities are smoothed out in the process of determining Sd and Da- 

But, though D| shows almost infinite variety in detail, it has been 
found to possess on the average certain characteristic features. Thus, 
D| is markedly dependent on latitude and also on local time. This means 
that its intensity has a well-defined geographical distribution and that 
like Sg and Sd, at any particular season, this distribution is fixed as viewed 
from the sun. 

We describe below after Chapman [33] these characteristics in some 
detail. 

Di is of small intensity at low latitudes. With the increase of the 
latitude the intensity increases, the increase being very rapid as the auroral 
zone is approached. After a pronounced maximum under or nearly under 
the auroral zone the intensity decreases as one proceeds inside the zone. 
The decrease has a seasonal variation. In summer it decreases to about 
one-half of the maximum (as under the auroral zone) and in winter to 
about one-fifth. The minimum winter value of intensity is, however, 
several times larger than the equator value (where there is little seasonal 
variation). 

The form of the diurnal (local time) variation of D, changes with the 
latitude. In the latitudes between the auroral zones (i.e. say between 
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± 65"* mag. lat.) the form is simple with maximum in the evening. This 
form of the diurnal variation does not change much either with the 
season or with the general intensity of the disturbance, except that 
the hour of maximum gets later, being moved from 21 h. at 66^ to 
midnight at 70^. Between 70^ and SO** magnetic latitudes (i.e. well 
within the auroral zone) the character of the diurnal variation changes 
markedly. It now depends both on the season and also on the general 
intensity of the. Z)-field. 

Nikolsky has made a close examination of the field in high 
magnetic latitudes from the data of 32 stations (in particular, of the Tikhaya 
station 71*5^ N.) and is of opinion that too little attention has hitherto 
been paid to the study of this irregular field [34]. According to Nikolsky 
all the magnetic storm phenomena are caused directly by corpuscular 
streams ^for the sun which produce only accidental, discrete and short 
period disturbed magnetic fields. He found a high correlation between 
the accidental, irregular field (not its average values) during storm 
time and the corresponding absolute value of H. Further, if the disturbed 
days data are taken and from them individual quiet hours are selected, 
then it is found that the values of H for these quiet hours are exactly the 
same as those on the quietest days. From this Nikolsky concludes that 
the persistent field changes during magnetic storms as determined by 
averaging the disturbed days data (in which process the irregular 2>| fields 
are smoothed out) do not really exist. The Sd and Dst current systems 
as pictured in Figs. 21 and 22, and to which the persistent field changes 
are ascribed, are thus merely statistical results and fictitious. 

Nikolsky has further found (from Sodankyla records for the Polar 
Year 1932-33) sthe presence of two maxima in the diurnal variation of 
magnetic disturbances, one in the morning and the other in the evening. 
According to him these two maxima depend on different laws, and, as 
such, are due to different causes, e.g. charged particles of different signs — 
positive and negative. 

It is to be mentioned that in the polar regions the magnetic activity 
has a distinct diurnal variation being maximum at about zero hour local 


Fio. 25. Illustrating diurnal variation of 
magnetic activity (expressed by 
values) near the ]x>lar regions. The 
upper curve is for disturbed days; the 
middle curve for aU days and the lower 
curve is for quiet days. The abscissa 
is local geomagnetic time. (After 
Sucksdorff.) 


magnetic time [37]. (See Fig. 25.) 
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</) Estimation of the height of the current belts and the intensity 
of the currents In the auroral zones 

It is possible to estimate the height at which the current carrying belts 
in the auroral zones (thick lines in Fig. 21) are situated by making simul- 
taneous observations on the resultant 8j} variation at two stations in the 
immediate vicinity of these belts. The method of doing this is qmte 
simple and straight-forward. Two stations are chosen very near the 
auroral belt but at different perpendicular distances from the same. The 
direction of the resultant 8d held, due to the approximately linear over- 
head current belt is found out from the H and V variations at the two 
stations. Lines drawn perpendicular to the resultant Sd vectors (in the 
Vertical plane) will obviously pass through the current belt. The height 
at which the two lines from the two stations cross each other will give the 
height of the current belt. Birkeland [35] estimated the height in this 
manner and found it to vary from 150 km. to 600 km. Goldie’s estimate 


APPMiHT 



Fia. 26. Estimation of height of current belt in the auroral zone. A, A * — ^two 
stations on opposite sides of the belt. F-^total disturbance field, F^>^ztemal 
part of the disturbance field. 

is between 290 and 370 km. It has been pointed out by Chapman [36] 
that these estimates suffer from considerable uncertainty owing to the 
fact that no account has been taken of the effect of the secondary internal 
current systems induced within the earth (vide infra). It seems likely 
that the jBT- variations due to external and internal current systems will 
usually be similar in direction or sign but the F-variations will have 
opposite signs. As a consequence the inclination of the observed resultant 
Sj) field is less upwardly directed than the true resultant 8^ field due 
to the external current belt alone. The estimated height, if the effect 
of the internal current system is not allowed for, may, therefore, greatly 
exceed the true height. This is illustrated in Fig. 26. It is necessary that 
further theoretical study of the nature of the induced earth currents be 
made in the polar regions for making more accurate determination of the 
height of the auroral current system. 

According to estimates of Sucksdorff, based on the 1932-33 Polar 
Year data of a number of high latitude stations, the average intensity of 
the Jbelt-current in the auroral zone is 120,000 amperes, varying between 
less than 100,000 amperes on quiet days in winter to about a million amperes 
on disturbed days in summer [37]. The average position of the current 
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belts is near the auroral zones^ but it moves out during the disturbed periods 
and falls slightly in height. Of the two branches of the current belt (the 
two thick-lined portions in Fig. 21(6)), the l^-current branch predominates 
chiefly in the first part of the day and the if-current branch la the latter 
part. It appears that the afternoon current towards east is more regular 
and permanent than the other branch. 

Besides the nearly horizontal auroral belt current, SucksdorfiF reports 
the presence of nearly vertical strong current systems in the vicinity of the 
magnetic axis poles. This current system has also two parts, one forenoon 
and another afternoon. The horizontal component of the forenoon part 
is eastward and that of the afternoon part westward. The current is very 
intense, the average intensity being 350,000 amperes, or, nearly double 
the intensity of the maximum afternoon current of the auroral zone. During 
high magnetic activity both the intensity and the height of the currents 
increase. The direction of the forenoon east-current, at a distance of 
about 1^ from the axis pole, is away from the earth; that of the afternoon 
west-current, close to the axis pole, is towards the earth (i.e. if the currents 
are considered as positive). It is to be noted that for both the vertical 
polar current and the horizontal auroral belt current the maximum of 
intensity and height of the afternoon current occurs at the same local time. 

(g) Earth -currents 

Before closing this section we shall refer briefly to the nature and 
method of studying ^the so-called earth-currents, or, currents flowing in 
the crust of the earth presumably induced by the overhead current systems. 

For studying the earth-currents potential diflerences between widely 
separated points in the earth’s crust are measured [38, 39, 40, 41]. Three 
points forming a right angle, the arms of which are directed north-south and 
east- west, or better, four points such that the line joining one pair is at 
right angles to that joining the other pair, are selected. Large metallic 
electrodes are buried at these points and the corresponding pairs are con- 
nected by means of well-insulated underground cables or by overhead lines. 
Sensitive instruments are inserted at suitable points in the lines for reading 
the voltage difference between the electrodes which is of the order of a 
few milli- volts per kilometre distance. The distance between the electrodes 
forming a pair varies widely from less than a kilometre to 200 kilometres. 
Since the electrodes, as well as the soils in which they are embedded, are 
never identical physically and chemically, a certain potential difference 
always exists between them. This potential difference does not remain 
constant but varies considerably with time due to various causes. Allowance 
for such contact potentials has therefore to be made in order to obtain 
the true value of the potential gradient at the time of measurement. It is 
also necessary that the contact resistance at the electrodes be very small 
compared to the resistance in the recording circuit and that it does not 
vary with time. The usual practice is to employ a grid of lead wire, of 
area 25 4o 40 sq. metre buried in moist clay [42, 43]. 
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In certain measurements on earth-currents made near Bombay, India, 
Banerji overcame the polarization difiSculties by making the electrodes 
{the distance between them being short — only 250 m.) neutral with respect 
to the soil, each electrode being a combination of electro-positive and electro- 
negative metals [41]. The actual composition of the electrodes however 
varied with the soil and had to be found by trial. The neutrality did not 
maintain itself indefinitely, but could be compensated by suitable device. 

The earth-current variations, according to the records, may be broadly 
classified under two heads: (i) irregular fluctuations or earth-current storms, 
and (ii) regular or periodic variations, such as diurnal and seasonal variations. 

The earth-current storms have many features in common with the 
magnetic disturbances. They occur simultaneously with the magnetic 
disturbances and, like the latter, vary widely both in type and in intensity. 
World- wide storms commence suddenly and simultaneously all over the 
globe. Local disturbances occur with great intensity at high latitudes. 
And, like the magnetic activity, the earth-current activity shows a variation 
of eleven-year period corresponding to the sunspot cycle. It will be noticed 
that the earth-current records are closely parallel to and are of the same 
nature as the fluctuations in the magnetic records. 

The diurnal variations of the earth-currents may be obtained by plotting 
the average hourly departures from the daily mean value of the potential 
gradient [41, 44, 46, 46, 47]. 
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Fio. 27. Diurnal variation of rate of change of magnetic force and of earth currents. 

(After Rooney.) 
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In Pig. 27, the diurnal variation of the northward component of the 
earth-current "(curve A) and the time derivative of the eastward component 
of the horizontal magnetic force (curve B) for Watheroo (Lat. 30^ S.) are 
shown. The variation of the eastward magnetic force* is depicted by the 
full-line curve. Close parallelism between the curves A and B at once sug- 
gests a causal relation between the two. It is, in fact, quite reasonable to 
conclude that the earth-currents — at least their major fractions — are merely 
the induced currents due to the fluctuations in the terrestrial magnetic force. 



There may, of course, be other factors 
contributing to the earth-currents. There 
is, for instance, a systematic phase differ- 
ence between curves A and B. Again, at 
stations in middle latitudes where the 
variation of the eastward component of 
the earth-current is quite pronounced, the 
diurnal variation is found to resemble the 
variation curve of the northward magnetic 
component (reversed) and not its (the 
latter’s) time rate of change as it ought 
to, if the current systems were due to 
induction effect. The existence of such 
variations shows that the origin of the 
totality of the earth-currents is more 
complex than that suggested by the 
marked similarity of the curves A and B» 

7. MAGNETIC DISTURBANCES 
AND SOME SOLAR PHENOMENA 

We have in Secs. 3-4 referred to the 
dependence of the 8q and L variations 
on the 1 1 -year solar .cycle. In the present 
section we shall discuss some remarkable 
correlations which exist between certain 
solar phenomena on the one hand and 
terrestrial magnetic disturbances on the 
other. The existence of such correlations 
shows that the causes of the Sd and the 
Dfi current systems, as depicted in Figs. 21 
and 22 also lie in the sun. The probable 
nature of such causes will be discussed 
in Chapter IX. 

Examination of data collected for 
many years shows that the terrestrial 


magnetic disturbance is mcm firequent and on the average more intense at the 
epoch of sunspot maximum than at sunspot minimum. The amplitude of 
the D-variation thus undergoes a cyclic change of the same period as that 
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of the sunspots, namely, approximately 11 years. This is illustrated in 
a striking manner in Fig. 28 showing the variation of mean sunspot numbers 
and the annual mean magnetic activity Ui over the long period 1870-1944; 
the parallelism between the two curves is indeed remarkable. The magnetic 
activity {vi) is, as already explained, a measure of the average annual 
value of Du [Sec. 2(a)]. The same phenomenon is also depicted in another 
manner in Fig. 29. The upper part of the figure shows the monthly means 
of (u) for the period 1900-1930, while the lower part shows the corresponding 
sunspot numbers [48, 49, 50, 51]. 

a a a ■ a 2 sif f ? • - 
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Beddes this long period sQnqpot-oyolio variation of magnetio activity 
tine inddence of maf^etio distnrbaaoe Aows an annual variation. lig. 80 
shows how the firequenoy of magnetioally disturbed days varies tbxonghont 



Fte. 80 . He eso BftI variation of firaqaeaqr of magnotioalijr disturbed days. 

the year [18]. Two maxima are clearly seen one near the vernal equinox and 
the other near the autumnal equinox. Fig. 31 shows the variation of 
magnetic activity throughout the year for three different years in three 
epochs of solar activity. The upper one is the average for the most dis- 
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Fia. 81 . Heaatwial variation of magnetio activity (u) in most disturbed years (tqiper 
' ourve), years of average disturbaaoe (middle ourve) and quiet yean (lower 
oorve). (After Bartels.) 

turbed years, the middle one for average years and the lowermost for quiet 
years. It will be noiioed from the two figures that both the frequmoy and 
the intensity of the magnetio disturbance vary similarly throughout 
the year [18]. 

Besides the eleven>year cycle and tiie annual variation, the magnetio 
activity has another periodicity. The magnetio disturbance has a toidenoy 
to recur in about 27 days, i.e., after a solar rotation [62, 63]. This tendem^ 
cannot be described as a permanent pniodicity because, not infrequently. 
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the recurrences may be interruptld and may sometimes cease altogether. 
The recurreme tendency may be depicted in varioue ways; as for instance, 
by means of the representation in Fig. 32(a). Different abadfaga of the 
square blocks in the figure deph t different daily magnetic character figures. 
The most magnetically disturbed days are indicated by black squares and 
the quietest days by white blank squares. Iqjkermediate ahadinga represent 
days of intermediate activity. The squares for the successive- days are 
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arranged in rows of 27. Thus, all thel^quare blocks in one column refer to 
magnetic activity of days at intervals of 27 days. (For better comparison 
the magnetic activities of the first six days in any row are also given at the 
end of the previous row, i.e., after the 27th square.) It will be noticed 
that the black squares in successive rows tend to group themselves near the 
same column that is, at intervals of 27 days. The same remark applies to 
the blank or lightly shaded squares. 

It may seem from the above that the mean daily magnetic activity 
should also show some correspondence with the daily spottedness of the sun. 
This, however, is not the case, as will be seen from Fig. 32(6) which depicts 
the daily spottedness of the sun in a manner similar to Fig. 32(a) for the 
daily magnetic character figures. Here again dark squares represent days 
of greatest spottedness and the white ones days of least spottedness. The 
arrangement in rows and columns is the same in both (a) and (6). It is 
easily seen that there is no similarity in the pattern of black, grey or white 
squares between Figs. 32(a) and (6), though, of course, in each of the 
figures the black or the white squares have a tendency to group themselves 
near the same column. 

In view of the fact that bright hydrogen eruptions are found to be 
accompanied by radio fade-outs and also by terrestrial magnetic variations, 
it is interesting to compare the average number and intensity of hydrogen 
flocculi wdth the magnetic character figures [54]. In Fig. 32(c) the dark 
squares represent days \rith largest number of flocculi and the white ones 
days of least flocculi. It vnW be seen that while the patterns (6) and (c) show 
marked correspondence (as it should according to the well-known fact that 
flocculi and prominences are most numerous w^hen the sunspots appear in 
large numbers) there is no such correspondence between the patterns (a) 
and (c). This fact is in accord with the observation that the sudden and 
intense changes in the terrestrial magnetic field, which are sometimes 
observed to accompany extra-brilliant hydrogen eruptions are not of the 
magnetic storm type. It has been found that such magnetic disturbances 
correspond to an intensifleation of the ionospheric current system w'hich 
causes quiet day variations. The intensifleation is produced by penetrating 
ultraviolet radiations emanating from the eruptions. This has been 
discussed in Chapter VI, Sec. 13(d). 

8. SOME MINOR VARIATIONS 
(a) Magnetic bays 

On magnetically quiet days, the magnetic elements occasionally undergo 
sudden variations. The values.of the elements rapidly increase (or decrease) 
and, after attaining a maximum departure, regain their normal values in 
course, of an hour or two. Since the magnetographic records of these varia- 
tions resemble indentations on a sea coast, they are called * bays’ [55]. 
The bays often accompany magnetic storm variatfons — a great many 
occurring during a single storm; frequently one bay is partly or entirely 

2<)B 
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sapeiimposed upon another. The characteristic features of the bays and 
their probable current systems are discussed below briefly [66]. 

The bays are called positive or negative according as the value of H 
increases or decreases. 

The characteristics of the bays depend markedly on the latitude of the 
place of observation. Near the centre of the auroral zone disturbance in 
the Z component is relatively much smaller than in the H component. 
Near the auroral zone both H and Z variations are great, the amplitudes 
depending in a marked way on the time of the day. In middle latitudes 
the east component rather than the north component is affected, while in 
the equatorial regions the north component is the most marked one. 

The bays are generally preceded and followed by undisturbed magnetic 
conditions. Though the bays arc most pronounced near the auroral 
zones, their magnetic effects extend to equatorial regions. 

The maximum departure for H is of the order of 5 to 20y in middle 
latitudes. The departure of Z is much less — about 1 to 3y. The declin- 
ation is less affected. In higher latitudes the departures for H and Z might 
be 10 times as great. 

The positive bays are more frequent than the negative bays, the ratio 
being 4:1 to 2 : 1 . The former occur mostly during night (during the 
eight hours centred at midnight), and the latter mostly during day in the 
afternoon [67, 68, 59]. 

A large bay occurs simultaneously all over the world; its form and 
magnitude depend on its geographic position and time. 

An intensive study of the bays was made during the Second Inter- 
national Polar year 1 932-33 with collaboration of many countries [60]. This 
ha s led to a clearer understanding of the nature and immediate cause of the 
bays. The observed features of the bays may be attributed to the sudden 
flow of a current in the upper atmosphere, along a long narrow path parallel 
to the auroral zone. In the night side of the zone (northern) the current 
sheet flows westward. In some cases it completes the circuit by turning 
southward at the sunset meridian, eastward at the tropics and northward at 
the sunrise meridian. The field due to such a current will obviously produce a 
negative bay near the auroral zone and a positive bay in the middle latitudes. 
Such association of negative bays in high latitude with positive ones in the 
low latitudes is known to exist. It now seems that the intense and frequent 
negative bays in high latitudes are to be identified with the type of magnetic 
disturbance flrst noticed by Birkeland [61] and called by him eltmerUary 
pplar storms. Chree’s and Birkeland ’s [66, 61] observations, namely, bays 
in middle latitudes are often accompaniment/9 of elementary polar storms 
in high latitudes, have since been confirmed by other workers. 

A quantitative estimate of the upper atmospheric current system which 
could have produced a bay disturbance as observed on January 16, 1933, at 
21 h. 46 m. 6.M.T. at a number of stations near the auroral zone, has been 
made by McNish [60, 62]. In Fig. 33, the observed variations are plotted 
against latitude for both X and V. Idealized arbitrary variation curves 
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are also drawn through the observed points. The intensity distribution 
across a current sheet, situated at a height of 100 km., which could produce 
the idealized variation curves, is shown in Fig. 34. The height of the 
current sheet was also estimated after the method indicated in Sec. 6(/). 
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Fio. 33. Variations with latitude of 'X and V during a bay disturbance observed on 
January 16, 1933, at 21 h. 46 m. G.M.T. (After McNish.) 

There is, however, some uncertainty about the result as the effect of the 
induced earth current could only be allowed for approximately. Making 
the probable allowance the height was estimated to be 66 km. 



Fio. 34. Intensity distribution with latitude of westward current sheet at a height of 
100 kin* which could hftvc produced the xnagnotic bfty at 21 h* 46 in. Q*M*T* on 
Jaauaiy 16, 103S. (After IbNieh.) 

An interesting point regarding the height of the ‘bay’ current system 
has been indicated by Wells [63]. According to Wells’ observations 
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there is direct relationship between occurrence of the bays and radio "black 
out* [see Chapter VI, Sec. 13(d)]. Since, for producing the marked absorp- 
tion of radio waves leading to a black out, the increase of ionization should 
occur below 80 km., the current system producing the magnetic bays must 
also be concentrated at such levels. 

(A) Micro -pulsations 

Another interesting type of variation of magnetic elements is the so- 
called micro-pulsations. Magnetic records of all the three elements some- 
times show rapid fluctuations in the form of osciUations lasting for an 
hour or so. The period varies between a fraction of a minute and 3 minutes 
and the amplitude is several gammas. In extreme cases the amplitude may 
be as great as 15 to 30y, Pulsations of such large amplitude are called giant 
micro-pulsations. 
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Fxo. 35. Giant micropulsations rocorded at Rude Skov Observatory on March 1, 
1942. The discontinuities in the records are produced by displacements of the 
photographic paper to mark even hours. ^ 

The characteristic features of a typical giant micro-pulsation as recorded 
at Rude Skov Magnetic Observatory on March 1, 1942, at 14-18 hour G.M.T. 
are shown in Fig. 35 [64]. Harang [65] has closely studied another giant 
micio-pulsation reported earlier by Rolf [66]. An interesting feature 
observed about these pulsations is that the oscillations of the different 
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rfAniAn tfl are not in phase. The oscillations of the three elements may be 
written in the form: 

8W — Ai 008 2n ^ , 

' 8J5r = 4»cos(2w^+«), 
8V^A„coB(2n^+py 

so that the variation of the total force P is given by 

8P = vW)*+(W+P^ 

The following are the values of the constants for one of the observed 
pulsations: 

Ad = 6-6y, Ak = 5*7y, Av = 4-2y, 
a = -90®, p = -120®, 

Period T = 116 sec. 

The giant pulsations occur within a relatively limited area and their periods 
generally range from 1 to 2 minutes. The local character of such pulsations 
indicates that they must be due to some peculiar t 3 ^e of currents flowing 
in a limited region of the upper atmosphere above the place where the 
pulsations are observed with greatest intensity. 

Besides such giant pulsations, others of much less intensity and very 
short periods (5 to 15 sec.) also occur at different parts of the earth. 
These small micro-pulsations were first observed by Eschenhagen [67] and 
later extensively studied by Angenheister [68]. They seem to occur simul- 
taneously all over the world. For such micro-pulsations the vertical intensity 
is little affected — at least in lower and middle latitudes. In higher latitudes 
the vertical intensity is affected but the amplitude is much smaller than 
that of the horizontal components. The pulsations usually occur around 
midnight and show a tende;ncy to recur at an interval of 27 days. 

A possible origin of these pulsations has been suggested by Stormer in 
course of his extensive studies of trajectories of charged particles in the 
magnetic field of the earth. Stormer discovered that under certain condi- 
tions the particles (which are supposed to be ejected from the sun and to 
be the ultimate cause of terrestrial magnetic disturbance) may move in 
periodic orbits far out in space (See Chapter IX, Pig. 13). Further, for 
certain types of orbits the calculated periods are of the same order as 
those of the rapid micropulsations. Stormer therefore suggests that such 
pulsations are manifestations of the effect on the terrestrial magnetic 
field, of charged particles moving in these periodic orbits. 
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AURORA POLARIS 

1. INTRODUCTION 

The striking luminous displays observed in the high atmosphere of 
the polar regions known as aurora polaris are also called aurora borealia 
in northern countries and aurora australis in the southern countries. The 
aurora borealis or northern light has been studied more extensively and 
over longer periods, because of the easier accessibility of the northern polar 
regions than the southern ones. There is little doubt that if observations 
are carried out in southern regions the aurora australis will also be found to 
possess characteristics similar to those of the aurora borealis. 

The auroral displays have a great variety of forms. According to 
Stormer they can conveniently be grouped into two main classes: (1) Those 
exhibiting a ray structure, and (2) those without such structure. The 
former class includes the corona, the rays and the so-called draperies, while 
the latter comprises homogeneous arcs, homogeneous bands and pulsating 
surfaces. The classification may also be made on other basis. Vegard, for 
instance, distinguishes auroras as having quiet forms and of moving tyi)e8. 
The draperies, the rays, the ray-bundles and the coronas are generally of the 
moving type. Brief descriptions of the various auroral types are given 
below. Each type is designated by a symbol according to the classification 
adopted by the International Geodetic and Geophysical Union. 

The arcs may be with or without ray structure. In the latter case 
they are called homogeneous arcs (symbol HA), They have fairly sharp 
boundaries and extend across the sky in some direction which is typical of 
the locality. The highest point of an arc is on the magnetic meridian. 
With bright arcs the upper part is green, the middle yellow and the lower 
part usually red. The arc is often accompanied by rays which ajipear to 
diverge from it like spokes of a fan (symbol HA), The arcs may also 
sometimes be pulsating, flashing up and disappearing in a period of a few 
seconds (symbol PA), 

The rays (symbol JR) may appear singly or in bundles in great masses. 
Sometimes they are quiet, without any movement, only appearing and 
disappearing; at other times they may be in ra])id motion. 

The draperies (symbol D) have a curtain-like ajjpearance with very 
long rays. Sometimes the rays of the drapery follow the magnetic lines of 
force and have a fan-like appearance. 

The crown or the corona (symbol C) is seen further north where the 
lines of force are nearly perpendicular to the surface of the earth. The 
ray-streamers of the corona are seen to spread out from the particular point 
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in the sky which lies near the magnetic zenith of the observer. [See Sec. 

2m 

The hands may be homogeneous (symbol HB) or, with ray stnicture 
(symbol RB), They extend in the same direction as the arcs. 

The diffuse luminous surfaces (s3mibol DS) have the appearance of 
luminous clouds of indefinite shape and indistinct boundaries. They may 
also be sometimes ]iulsating with the intensity undergoing fluctuations within 
periods of about 8 to 10 seconds (symbol PS); they appear as if diffuse 
clouds are being illuminated by a source of light the intensity of which is 
rapidly changing. 

The upper part of the arc may sometimes appear as a feeble glow 
(symbol 0) near the horizon resembling dawn. 

Of these various forms the most common are the arcs with or without 
ray structure, the bands and the draperies; pulsating surfaces and rays are 
comparatively rare. Photographs of some typical auroral forms are 
reproduced in Plate I. These are selected from the Photographic Atlas of 
Auroral Forms published by the International Geodetic and Geophysical 
Union, Oslo (1930). (a) Homogeneous quiet arc. Note that there is a 
dark segment between the arc and the horizon; Konigsberg, 16-17 October, 
1923. (6) Masses of rays; Bygdo, 5-6 March, 1926. (c) Draperies; Bygdo, 
16-16 October, 1926. (d) Corona. Only half has been developed; Bygdo, 
16-17 December, 1917. (c) Band with ray structure; Bossekop, 3-4 March, 
1910. (/) Homogeneous band with many folds; Korsnes, 15-16 March, 

mi. 

The study of auroras is of great importance in the investigation 
of the upper atmos[)here. Spectroscopic observations of the auroral b'ght 
in particular, yield valuable information regarding the composition and 
temperature of the upper atmosphere. The study of the form and the 
geographical distribution of the auroras is again very helpful in investigating 
the nature and origin of the charged particles, the entry of which into the 
high atmosphere is the cause of the magnetic storms and also of the auroral 
displays. It is satisfactory to note that to the visual, photographic and 
spectroscopic methods of studying the auroras, has now been added the new 
and powerful radar method. Radar echoes from auroras, due to the 
intense ionization produced by the bombarding solar corjmscles, have been 
recorded by more thcan one observer [1, 2]. 


2. CHARACTERISTICS OF AURORAS 
(a) Geographical distribution 

As already mentioned, auroras occur mainly in the regions around 
the magnetic poles of the earth; the frequency of their displays increases 
as one proceeds from lower to higher magnetic latitude. Fig. 1, prepared 
by Fritz [3] from numerous observations made in the arctic rogions, 
shows the variation of auroral frequency with both latitude and longi- 



(e) (f) 

Plate I. P)iotugrapli8 of somo typical auroral forms. (See text.) 





Platb II 
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tude. The lines of equal frequenoy or, isochasma as they are called are 
seen to have roughly circular form with their centres lying approximately 
at the i)oint where the axis of the dipole representing the regular part of 
Earth’s magnetic field cuts the surface of the Earth. The thickest Une in 
the figure corresponds to the zone of maximum frequency which is approxi- 
mately in the region 67*^ N. magnetic latitude. As one travels towards north 
from this region the auroral frequency decreases. In the region indicated 
by the broken line auroras are seen in all directions. In all other lower 
regions the displays occur to the north of the observer. It is to be mentioned 
that the diagram of Fritz has been revised and improved by Vestine on 
the basis of much subsequent data [4]. 

A zone of maximum frequency, similar to the one discussed above, 
may be expected to exist in the southern polar region. From the meagre 
observational data which are available White and Geddes [5] have attempted 
to draw such a zone (Fig. 2). The zone is incomplete but there is little 



Fxo. 1. niustrating after Fritz the variation of the frequzooy, of auxoral displays with 
latitude and longitude in the Northern Hemisphere. The regions of equal 
frequency are shown by the thick lines, the thicknesses being proportional 
to the frequency. The numerical figures after M give the average relative 
frequenoy of auroral display. It is to be noted that lines of equal frequency 
are roughly of circular form and their centres lie close to the magnetic axis 
point. In the region indicated by the broken line auroras are seen in all direc- 
tions; in all lower regions the display occurs to the north of the observer. 


doubt that if more data were available it would have formed a complete 
cirde. The zone is very nearly circular with a radius of about 18^. It 
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is satisfactory to note that its centre lies very close to the antipodes of the 
northern magnetic axis pole [6]. 

(4) Altitude distribution 

Fig. 3 represents the distribution of auroras with altitude computed 
from a large number of observations made by Stormer [7] from his various 
observational stations in Norway and also by Vegard and Krogness [8] at 
Haldde observatory. It will be noticed that nearly all (about 94 per cent) 
the auroras occur between 90 and 130 km. The dotted curve due to Vegard 
and Krogness shows two maxima, one at 100 km. and the other at 106 km. 



Fio. 2. Zone of maximum auroral frequency (shaded region) in the Southern 
Hemisphere. The centre of the zone lies close to the antipodes of the north axis 
pole. (After White and Geddes.) 

According to Stormer the lower limit of auroral height is about 80 km. 
Though this is generally true, auroras at heights as low as 63 km. [9] are 
sometimes observed. Some reporters [10] claim to have observed auroras 
very close to the surface of the earth; close scrutiny reveals, however, that 
all such reports are groundless. 

As regards the upper limit, ordinary auroras have been observed to 
occur up to a height of 400 km. Since the upper edge of most auroral 
forms is ill-defined the percentage of error in the determination of the 
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Upper limit is rather high. Sunlit auroras, to which reference will be made 
presently, have generally much higher altitudes. The highest altitude as 

yet measured is about 1100 
Km km. [11], 

^ Tables I and II give the 

/ lower and the upper limits of 

A auroral displays of various 

V forms as measured by different 

jgQ , ^ observers [12], Fig. 3 depicting 

I ) the distribution of auroral 

I / heights is drawn from Table I. 

lx The two tables also show the 

U relative frequency of occur- 

140 *1 \ rence of the various forms. It 

1 ^ may be noticed that the most 

5 . ^ frequent forms are the arcs and 

5 the draperies. Table I further 

^ ^ ^ shows that there is no marked 

difference between the heights 
of different types of auroras, 
" I *****--J^.^ though it appears that the arcs 

y and the pulsating surfaces have, 

too “ oil ^he average, slightly lower 

^t^i^*******" heights than draperies, and 

r/ particularly than the rays. A 

comparison of the average 
f C heights with reference to the 

^0 latitudes of the observational 

stations shows that auroras 

L..,. I« ' I I.... 1 I t occur at lov er heights in the 

40 eO ISO wo 200220 i ^ rnf- • • 

unSoeo lower latitudes. This is in con- 


40 00 120 160 200220 i i ^ rriT- • • 

NUMBER lower latitudes. This is in con- 

Fio. 3. Distribution with height of the lower 
limits of auroras as observed at three auroras [see Chapter IX, Secs. 
Norwegian stations. The dotted curve is 3,4]. 

computed fiom observntions mode by Vegard Mmuvrement of height of 
wd Kmgness at ^Id^; the dash^ curve „„^orfls.-The height of an 
from observations by Stbrmer at Oslo; the n a x i 

foU line curve from observations of Stbrmer was first accurately 

at Bossekop. measured by Stormer [13] at 


auroras [see Chapter IX, Secs. 
3, 4]. 

Measurement of height of 
avroras , — The height of an 
aurora was first accurately 
measured by Stormer [13] at 


Bossekop in 1 91 0. He took two 
simultaneous photographs of the aurora from two stations separated by a 
distance of four and a half kilometres. The exact hour of exposure was 
known and the photograph also recorded a number of known stars in the 
background. The position of the aurora (i.e., of any particular point in it) 
in space was obtained by proper orientation of and computation from the 
negatives of such simultaneous photographs. The method has subsequently 
been improved with certain modifications by Vegard and Krogness [8] 



412 


UPPER ATMOSPHERE 


CHAP, ym 


Tablb I 


Lmm limits of auroral displays as measured by Norwegian obseirvors : /— Fegard and 
Krognsss at HaUdde; Il^tdrmw at Bossehop; III^Harang and Tdnsherg 
at Trdmsoi IV-^Stdrmer at Oslo. 


Auroral type 

I 

11 

in 

IV 

(km.) 

Number 

of 

observa- 

tions 

Height 

(km.) 

Number 

of 

observa- 

tions 

■ 1 

Beia^t 

(km.) 

Number 

of 

observa- 

tions 

j 

Height 

(km.) 

Number 

of 

observa- 

tions 

Rays 

113-2 

61 

128*9 

19 

117-0 

127 

146-9 

119 

Draperies . . 

100-8 

409 ^ 



112-0 

1030^ 



Drapery- 


( 

108-1 

606 ^ 



100-0 

160 

shaped arcs 

106-6 

888 ) 



106-7 

1176 J 



Difliise arcs 

109-1 

409 

111-8 

416 J 



J18-6 

201 

Pulsating 









surfaces .. 

106-0 

160 



1 107-3 

66 




Tablb II 

Upper limits of auroras observed at the Htddde Observatory [12]. 


Auroral type 

Number of 
observations 

Height 

(km.) 

Average vertical 
extension (length 
of streamers) 
(km.) 

Rays 

43 

260 

137 

Draperies 

216 

176-3 

67 

Arcs with ray structure 

174 

174-4 

68 

Homogeneous arcs . . 

57 

143-4 

34 


and by Harang and Tonsberg [14]. Herlofson [15] has devised means 
for simplifying the tedious oaloulations involved in the usual method of 
height computation. Chapman [16] has proposed a very simple and 
interesting method for analysing the simultaneous photographs by exactly 
reproducing the original states of cameras and the aurora by projecting the 
negatives, with two projectors, on a rigid framework representing the 
celestial sphere. The positions of the known stars at the particular time of 
exposure are marked on the frame work and the projectors are oriented, in 
turn, to such positions that stars projected from the negatives coincide with 
those on the frame work. The positicms of the two projectors represent- the 
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two stations and hence the exact hei^t of any point on the aurora can be 
found by actual measurement and calculation. 

At present regular height measurements are made from a network of 
auroral stations in southern Norway under the direction of Stdrmer. 
Simultaneous photographs are taken from three or four stations. The 
base line joining the ▼arious stations vary from 26 to 400 km. Besides the 
regular observations by StOrmer, other notable sets of measurements are by 
Vegard and Krogness [17] at the Haldde observatory and by Hara.ng and 
Tdnsberg [1 8] at TromsS. Some measurements have also been carried out in 
northern Canada by McLennan, Wynne-Edwards and Ireton (lat. 60” 40' N.^ 
long. 81” 26' W.) and by the Canadian Polar Year groups at Chesterfield [19]. 
The average heights as measured by the above observers all refer to the 
ordinary auroras. The -so-called sunlit auroras to which reference will be 
made presently attain great heights, the base being at 200 to 300 km. and 
the tops vanishing at 800 to 1000 km. 

Since, as already mentioned, many auroral forms have a sharp bottom 
edge the determination of the height of the lower limit of the aurora is 
much easier and can be made with an accuracy of 1 to 2 per cent when the 
zenith distance is not much greater than 46”. For greater zenith distances 
the error is comparatively greater and may be as high as 20 per cent. 

(e) Azimuths of arcs, bands and draperies 

Arcs, bands and draperies tend to extend in a horizontal direction 
roughly perpendicular to the magnetic meridian (Fig. 4) in contrast to the 
streamers which lie more or less along the lines of force. The actual direction 
varies with the locality and is somewhat characteristic of the place of 
observation. In Fig. 4, the horizontal projections of some homogeneous 
arcs as photographed firom Bossekop and Oslo are drawn. The broken 
lines are ciroles of equal distance from magnetic axis pole (78*6” N., 69” W.). 
It will be noticed that the projections do not strictly coincide vdth the 
magnetic latitudes. According to measurements of Vegard at Bossekop 
there is a s 3 rBtematio difference of 10”. The westward ends (ff the arcs are 
thus somewhat nearer to the pole them the eastern ends. This result has 
important bearing on the question r^arding the sign Of the electric charge 
carried by the solar corpuscular rays to which reference will be made later 
{see Chapter IX, Sec. 4(6)]. 

It was also noted that the above role holds even for observational 
statfons sitnated near the ordinary magnetic dip-pole. At stations situated 
close to the magnetic axis point, however, the direction of the bands was 
found to be irregular. The obvious interpretation of this is that the dis- 
tribution of the direction of arcs and bands is to be referred to the magnetic 
axis pole rather than to the magnetic dip-pole. 

The arcs often extend to great lengths. The arc for instance shown in . 
Fig. 6 was observed on March 24, 1936, to extend frmn longitude 17” E. to 
3” W. lying between latitudes 63*6” and 66*6”, partly over Norway and 
partly over tike North Sea. Its projection on the surface of the earth is 
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Fio. 4. The horizontal projections of arcs nearly.coincide with magnetic latitudes. The 
broken line curves are circles of equal distance from the magnetic axis pole 
assumed at 78*5® N., 69^- W. The heavy full lines are the projections. The 
systematic deviation of the directions of the arcs has important bearing on the 
question of the sign of charged particles producing the aurora. (After StOrmer.) 


shown in the figure. (This is the most probable size and position as obtained 
from three assumed heights namely, 105 km., 96 km. and 85 km. Owing 
to unfavourable weather conditions observation from more than one 
station — ^whioh is necessary for the computation of the height — could not 
be made [20].) 

-For auroral and other magnetic phenomena it is necessary to refer the 
observations to the magnetic axis point. The points may be referred to the magnetic 
co-ordinates — magnetic longitude, latitude and azimuth. OThe magnetic longitude 
is measured from the great circle passing through the geographical north pole and 
the north axis point. One can easily pass from astronomical to magnetic co-ordinates 
and vide.esrsa, when the co-ordinates (^, Ao) of the magnetic axis point are known. 
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For instance, if a is the astronomical asimuth and Om the magnetic aaimuth then 

Oh a— Am, 

where Am is the azimuth of the magnetic meridian referred to the axis point. 



(tf) Position of the radiation -point of corona 

It has already been mentioned that the directions of the auroral 
streamers approximately coincide with the lines of force of the permanent 


416 


UPPBR ATMOSPHERE 


CHAP, vm 


magnetio field of the earth. As a matter of fact, the radiation-point nearly 
ooinoides ^th the magnetic zenith, i.e., the point where the direction of the 
lines of magnetic fmroe at the place of obserration, meets the celestial sphere. 
Catefol measurements show however that the radiation-point is situated a 
few degrees south of the magnetic zenith [8]. Now, a study of the dis- 
tribution of luminosity and the structure of the auroral streamers suggests 
that the ray streamers ought to coincide with the direction of the lines of 
force of the magnetic field. In other words, the direction of the streamers 
and the position of the radiation point, as observed during a display should 
mark respectively the direction of the magnetic lines of force and the 
instantaneous position of the magnetic zenith on the celestial sphere at 
the time and the place of observation. And, since the observed radiation 
point is situated a few degrees south of the magnetic zenith, it may be 
concludjsd that the auroral display has, for the time being, so changed the 
dircwtion of the lines of force that the magnetic zenith has been shifted 
to cdncide with the observed radiation-point. This change in the magnetic 
field and the consequent shift of the magnetic zenith may be due to extra- 
tenesttial current systems generated during auroral displays. We shall 
see later, while discussing the theory of magnetic storms [Chapter IX] 
that the extra-terrestrial current systems which may be responsible for 
producing the storms, are such as to cause an increase in the curvature of 
the magnetic lines of force and produce a lowering of the magnetic zenith. 

(«) Intensity distribution with height 

The intensity of light along the auroral streamers varies greatly from 
point to point. The following method of characterizing the intensity 
distribution is due to Vegard [21]. Three quantities li, and Is are 
associated ^th the streamers (Fig. 6); li is the distance of the point of 
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maximam intensity from the bottom edge» I2 is the distance from the same 
of the point where the intensity just becomes faint and 1$ is the whole 

length of the luminescence. The 
lengths lx and {2 csn be determined 
with fair accuracy; however ia 
more difficult to estimate. 

Fig. 7 shows the vertical distri* 
bution of intensity for some typical 
auroral forms. It will be noticed 
that for arcs and drapery-shaped 
arcs lx and ^2 sre very small. In 
fact, the range of luminescence is 
restricted within an interval of 
about 14 km. only. For the arcs 
Z2 and I3 can hardly be distin- 
guished, i.e.; the luminosity drops 
down quite suddenly. For the rays 
{2 is very long, i.e., the entire length 
is faintly luminous with fairly con- 
stant intensity. The very small 
cross-section which the ray strea- 
mers sometimes have is a point of 
special interest. Measurements [21] 
show that in some cases the width 
of the cross-section may be only 
300 to 400 metres. 



Fxo. 7. Variafcion of intensity with height 
of different auroral types. I— Arc; n — 
Drapery -shaped arc; III — ^Drapery; IV — 
Rays. The crosses indicate upper limits 
of photographic impression. (After 
Vegard and Krogness.) 


(/) Diurnal variation of auroral 
activity 

For the purpose of studying the 
variation of auroral activity, it is 
necessary to provide a quantitative 
measure for it. One of the methods 
of measuring the auroral activity is to divide the period of observation into 
half hour intervals and count the number of displays in each interval. This 
method has the disadvantage that weak as well as strong displays get the 
same weight. Also, near the auroral zone the activity, so measured, 
may show a uniform maximum throughout the whole period of obser- 
vation. 

A better and objective method of studying the variation is to register 
the total luminosity by means of a photoelectric cell. This method has been 
employed by Harang and Kreielsheimer at the auroral observatory at 
Tromsd, and also by Dauvillier. A spectrographic method, due to Harang 
[22], is to measure the average intensity of the green auroral line at intervals 
of one hour. The method has the advantage that it allows recording of 
auroral intensity even, during the hours of moderate daylight. 

27 
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Carafol anAlysiB of observations made from vations stations by different 
workers shows that the auroral activity has two dinmal maxima. This 
is illnstoated in Fig. 8 after Carrie and Edwards [23]. One of these, called 
the principal maximum, is very jiromiaent and occurs before midnight, and 
the other maximum, a weak one— occurs in the early morning. The 
principal maximum, in particular, has been very carefully studied by Vegard 
[24] by analyzing the records of the draperies, rays and coronas as obtained 
from a number pf stations during the Polar Year 1882-83. He found that 



Fia. 8. Diurnal variation of auroral intensity aa observed by Currie and Edwards at 
Chesterfield, Canada (63* 20' N., 90* 42' W.). 

the hour of the principal maximum is distributed comparatively widely 
if referred to the astronomical time but very much narrowly, if referred 
to the magnetic local time, i.e., referred to the magnetic axis point as the 
pole. Prom this Vegard concludes that 'within the limit of error the 
principal maximum occurs at the same magnetic local time, about one 
hour before magnetic midnight’. 

The midnight maximum is caused mostly by strong mov ing auroral 
forms whereas the weak early morning maximum is produced by quiet 
forms. 

An interesting point in connection with the variation of intensity, is 
the variation of the geographical ppsition of the aurora. According to 
Vegard [24] there is an intimate correlation between the intensity and the 
position of the place of observation. For instance, for a place south 
of the auroral zone (in the northern hemisphere) auroras appear in 
the north in the early evening and draw towards the south as the night 
advances. Daring the hours of highest intensity, i.e., near about the 
magneti& midnight the auroras appear in the most southern piwi fjAti, Xhe 
auroras draw northward again after midnight. This is illustrated in 
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Fig. 9 after Oarlheim-Gyllenskidid from observations made at Cap Thordsen 
daring the 1882-83 Polar Year [25]. It will be noticed that the relative 

noft 



6 12 le Z4 6 12 

Fio. 0. Relative ntimbers of auroras in the northern sky. n is the ratio of the 
auroras in the cenlth (or to the north of it) and the total number of auroras. 
Observations made by 0. OyllenskiOld at Cap Thordsen. 

number of auroras in the northern sky is highest in the morning hours 
and lowest round midnight when most of the auroras occur in the southern 
sky. (In the figure the abscissae indicate local time. If the magnetic 
time is used better agreement is obtained.) The phenomenon has thus 
been summarized by Vegard : An increase of intensity is accompanied with 
a motion towards the lower latitude. We shall see later that this is com- 
patible with the theory of aurora, namely, that auroral displays ore caused 
by entry of fast charged particle in the upper regions of the atmosphere and 
that their motion is controlled by the magnetic field of the earth. 

(g) Seasonal variation of auroral activity 

The auroral frequency has also an annual periodicity as illustrated in 
Fig. 10. Like the magnetic activity, it has, in lower latitudes, two maxima 


/30 

KJO 

50 

0 


Fw. 10. Annual variation of the auroral firequency. The npper curve is hat Sweden 
and the lower ourve fbr Sonthem Hemi^iliete. Annual mean ordinate lo taken 
to be 100 for each ourve. 
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ooincUiiig Trith the equinoxes. Unlike the magnetio activity, however, the 
two maxima approach each other as one proceeds towards the auroral 
zone where there is only one maximum occurring in mid-winter. Attemptis 
sometimes madeto correlate the two iwn-Tiiwa. \rith the position of the earth 
relative to the two zones on the sun where the sunspots are most numerous. 
But, as remarked in Chapter IX, Sec. 2(e), closer scrutiny fuls to reveal aity 
correlation. 


(A) Correlation between auroral activity, solar activity and mag- 
netic storms 

It has been shown by various observers that the auroral activity 
foUows the well-known 1 1 -year solar activity. This parallelism is illustrated 
after Boiler [26] in Fig. 11. The variation is less pronounced near the 
auroral zone and becomes marked in lower latitudes. It has also been 
observed tiiat auroras have a tendency to occur at the time when large 
sunspot groups pass near the central meridian of the sun [27, 28]. 

A remarkable similarity between the occurrences of magnetio strains 
and auroras is the 27-day recurrence tendency [29]. Strong auroral diq>lays 
are not infrequently followed by similar displays at 27 days interval — ^the 
period of synodic rotation [see Chap. VII, Sec. 7 ; also Appendix, Sec. 8]. 

It is well known that earth current records are similar to the magnetio 
activity records. It has therefore been sought to establish correlation 
between auroral activity and magnetio activity by comparing the former 
with earth current records. This is illustrated in Fig. 12 after Currie and 
Edwards [30]. Observations [31] made at College Fairbanks Station at 
Alaska (lat. 64** 41' N., long. 148* 26' W.) show that the coefficient of linear 
correlation between the two phenomena may be as high as 0*71 to 0'76. 



fSO 


too 


SO 
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Era. 11. nioatratiag the parallslism between the Mircial and the solar activity 
during Um yean 1840-05. The upper curve gives the relative sunspot numben 
andthe lower one, the numbenofdays on which aurora austeelis was seen. (After 
Boiler.) 
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In fiiMst, the onset of disturbance in long distance tel^honio c<munnnication~ 
which is caused by sudden variations in earth currents, may be taken as 
precnrsOT of auroral display. Stormer’s auroral stations in Norway are 
regularly kept informed by the Tdegraph Dtpartmmt of sudden o<Hn> 
mencement of disturbance in line communication so that the stations may 
be re^y for making auroral observations [32]. 


r 



GREENWICH MEAN HOURS 


Vm. 12. niustrating the similaiity between the magnetio and the earth eurrant 
aotivity on the one hand and the auroral activity on the other. (After Ourtie ■»»<* 
Bdwards.) 

An interesting correlation has' been established between the occurrence 
of the Types A and B of red auroras [see Sub-sec. (»)] and the spottedness 
of the sun. Type A occurs frequently in the years of maximum and l^rpe B 
in the years of minimum solar activity. 

(I) Intensity and colour of auroras 

The intensity of auroras is generally estimated visually and exp re ssed in 
terms of an international coefficient. A faint aurora, about as bright as 
the milky way is designated as having intensity I; one having a brightness 
of the order of a thin moonlit cirrus cloud is of intensity 11; auroras as bright 
as moonlit cumulus cloud are of intensity III; and) those emitting enough 
light to approximate moon light are of intenrity IV. Thus, the illumination 
due to ui arc of intensity III correqsonds to that of a few microcandles per 
square centimetre and is about a hundred times that of the night 
air-glow which is about 10~* cwdle per square centimetre [33] [Gwpter X, 
See. 1]. 
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A better and objeotiTe method of determining the intensily is to 
measnre the total luminosity by means of a photpelectiio cell as discussed 
ip Sec. 2(f). It has been found by this method that the ratio of the 
luminosily between the brightest and the weakest auroras is as much as 
1000 : 1 [34]. One great advantage in the use of the photoelectric cell is 
that measurements may be made even in foggy weather. (For a description 
of the method of using photoelectric cell the reader is referred to Chapter IV, 
Sec. 3e). Auroras with intensities I, 11 and III do not appear coloured, 
because their intensity is below the threshold of colour perception. For these 
aaiwas, the eye is affected only by the radiation A 6677 which coincides with 
the maximum sensitiveness of the retina. Auroras with intensity IV appear 
coloured. They may be green due to A6677 and violet due mainly to the 
second positive bands of N 2 . 

Auroras with red colour are specially interesting. The red colour 
may be due either to the forbidden radiation A6300 of atomic oxygen, or to 
the first positive bands of N 2 . The two types of red auroras may be dis* 
tingnished by their characteristic colour distribution and are designated 
as Types A and B respectively. 

T3^ a comprises the rays and streamers and the red colour extends 
throughout their whole length. Type B comprises the arcs and draperies, 
the red colour being confined only near the lowest edges. It has been 
found that red auroras of Type B may reach the unusually low height of 
66-70 km. 

The sunlit auroras, to which reference will be made presently, are 
mostly greyish-violet. On rare occasions they may also be blue. Their 
colour is thus distinctly different from the Colour of ordinary auroras which, 
as already mentioned, is generally yellowish green and on some occasions 
deep red. The greyish violet colour of sunlit aurora is due to the red 
radiation of atomic oxygen mixed in large proportion with the green radiation 
of the same gas. The blue colour is mainly due to the enhancement of the 
negative bands of nitrogen. 

(J) Sunlit auroras 

The sunlit auroras, so called from the fact that they appear at great 
heights in the sunlit portion of the atmosphere, have been studied exten- 
sively in recent years. In Fig. 13 the group of auroral rays in the ni>per 
part depicts the mean positions of the rays in sunlit region [32]. The 
horizontal line divides the region of darkness below from that iUuminated 
above. The small circles indicate the positions of the points measured in 
the auroral rays. Two such oircles are plotted for each and the straii^t 
line joining them represents the auroral ray. 

An interesting frkct to be noticed in the figure is that some of the rays lie 
partlyin the shadow and partly in the illuminated region. The part of the 
ray odnoiding with the line separating the region of darkness from that of 
sunlight is invisible [36]. 
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Compared with the rajrs of ordinary auroras those of sunlit ones 
attain enormous heights and have been found to extend up to 1100 km. 
The lowest points of these rays are also at much higher altitudes than the 
lowest limits (viz., about 80 km.) of the ordinary auroras lying wholly in the 



shadow of the earth. Further, it will be noticed in Fig. 1 3 that the bottom 
edges of the rays lying wholly in sunshine have a tendency to follow the 
shadow-line of the earth. 
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3. AURORAL SPECTRUM 

(a) The spectrum 

We owe our knowledge of the auroral spectrum — the wavelengths of 
the lines and bands, their identification and intensity distribution — mostly 
to the systematic? and long continued work of the Norwegian group of in- 
vestigators — Stormer, Regard, Harang and their collaborators. A valuable 
summary of the work up to 1945 is to be found in a communication by 
Vegard and Kvifte [36]. Fig. 14 shows typical auroral spectrographs and 



Fig. 14. Spoctrogniplis usod for photographing auroral spectrum. {A) With adjust- 
ablo glass optical aystoma. (B) With grating of high light-power for use in infra- 
red region. Tho apoctrograplis wore constructed at tho now Auroral Observatory 
at Troinsu by L. Harniig and E. Tdnsberg. 

Fig. 15, INate II (fac-ing p. 409) a typical auroral spectrum taken at the 
atiroral obscrv'atory at Oslo [36a]. 

i he lines and bands as are reported to have been observed in the auroral 
spectrum are those duo to, (1) atomic oxygen, (2) atomic nitrogen, (3) neutral 
molecular nitrogen, (4) first negative bands of [366], (5) first negative 
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bands and a new band system of discovered by Meinel [36c] and 
(6) occasionally lines due to sodium and hydrogen and probably also 
normal and ionized helium [37]. Presence of several emission lines from 
.0+ and N+ have also been announced. These latter identifications are, 
however, still considered as doubtful. According to Nicolet most of these 
are to be ascribed to the one or the other N 2 band systems [38]. The 
presence of hydrogen line is very significant. When observed in the 
direction of the lines of magnetic force (terrestrial) the line (//a) is found 
to be as 3 rmmetrically broadened towards the violet. This indicates that 
during auroral displays, hydrogen atoms (or, protons) are entering into 
the terrestrial atmosphere with high speed (see Chapter IX, l?ec. 2d). 

In Table III, the lines and bands which are more or less always present 
in auroral displays and whose identifications are considered as satisfactory 
are listed. It Mill be seen that for atomic oxygen there are strong permitted 
lines in the infra-red, besides the familiar forbidden red and green lines 
whiL*h are also observed in the night air-glow. For atomic; nitrogen also, 
forbidden lines, invohing the lowest metastable levels as in the case of 
oxygen atom, have been observed [38a]. Further, there are also lines in 
the infra-red due to allowed transitions. These allowed transitions for 
O and N atoms were first identified by Meinel [386]. These are the lowest 
transitions which may be observed above the forbidden transitions noted 
above. Strong emission of the N 2 first positive bands (2, 0) in the infra-red 
(AA7688, 7717, 7746) has also been identified by Meinel [38c]. 

It is interesting to note that emission in the range of micro-waves 
have been reported by some Morkers [38d]. 

(b) Spectral characteristics of auroras : The type, height and lati- 
tude effects 

The spectral composition and the intensity distribution vary consider- 
ably from one aurora to another depending on the type, the altitude and 
the latitude of the place of observation. In Fig. 16 the average distribution 
of intensity in the lines and bands are shown after X'egard [39]. In what 
follows we shall give short acc ounts of these variations characterizing them 
as the type effect, the .altitude effect and the latitude effect. 

Type effect. — ^The auroras, according to their colours, may be classified t 
independently of their shapes, into three types: (i) the ordinary type having 
a yellow-green colour, (ii) the .4 -type in which the red colour extends 
throughout the whole length (rays and streamers), and (iii) the .&-type in 
which the red colour is confined to the bottom (arc s and draperies). 

As already mentioned the yellow-green colour is due to the auroral 
green line of atomic oxygen. The red colour of the 2 ! -type is due to the 
red oxygen lines (A 6300) and that of the J3-type to the first positive bands 
of nitrogen. The folloving further remarks may be made about the spectral 
composition depending on the type of auroras — diffuse forms and those 
having distinct forms [40]: 
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Table III 

Spectral Composition of aurorae 


Origin 


O atom 


Transition 


IS ►!/> 

(A 6677) 


»Z) ►•P 

(A 6300» 6363. 6302) 


N at 6 m 


3«P 

(A 7774) 

3«P ►S*!? 

(A 8446) 


«po ►450 

(A 3466) 


tjyo — ^450 
(A 6198-6, 6200*7) 


Oj^ ion 


^p4D .7s4p 

(A 8684, 8721) 

4 ^ 1 * 4/7 

(Visible region.) 


Ng ion 


(Blue-violet and ultra- 
violet region.) 


Komarks 


Always present in auroral 
spectrum— commonly 
called ‘ the auroral green 
line* — generally of the 
maximum intensity. Tran- 
sition forbidden. 

(/Onsidorably intense in high 
and/or simlit rays. Transi- 
tion forbidden. 

Allowed tran.sitions. Strong 
emission. 


Ordinary aurora. Transi- 
tion forbidden. 

Low latitude, liigh altitude 
auroras. Transition highly 
forbidden. The radiation 
may be observed hours 
after the auroral activity 
has ceased. 

Allowed transitions. Strong 
emission. 

First negative bands. All 
bands of tliis system are 
rather weak. 

First negative bands ; 
strongest of all nitrogen 
radiations. The intensity 
distribution is similar to 
that observed in laboratory. 


Ng molecule 


A'*/7 — 

(Infra-red.) 

B*/7 — >A*E 
(Red and infra-red regions.) 

O' 8/7 ►ps/7 

(Ultraviolet region.) 


New band system dis- 
covered by Meinel ; several 
of the bands are as intense 
as the first positive system 
of N2. 

First positive bands of Nf ; 
most numerous in the 
spoftnim. 

Second positive bands of N2 ; 
the intensity is low. 


— fX^E 

(Blue-violet and ultra- 
violet region.) 


\"egard -Kaplan bands. 

V'^ory weak in the auroral 
spectrum. Transition for- 
bidden. 


H-atom 


Ha line (rod) 
(A 6563) 


llroadoned towards ultra- 
violet, indicating that fast 
H-atoms (or protons) are 
entering the terrestrial 
atmosphere. 
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(i) The intensity of the green line relative to that of the negative 
nitrogen bands is smaller for diffuse forms like grey and 
pulsating surfaces than for the sharper forms like bands and 
draperies. 



(ii) The intensities of oxygen red lines and of the first positive 
group of nitrogen are greater for the former than for the 
latter. 
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(iii) Some lines and bands in the blue region of the spectrum are 
more prominent in some of the diffuse auroras. 

The change of spectral composition from the distinct to the diffuse 
forms is of the same nature as the change observed vnth increase of altitude. 
It may thus be thought that the difference between the two groups is merely 
an altitude effect, i.e., the average height of the diffuse form is greater than 
that of the distinct form. Actual measurements of height show, however, 
that there is no marked difference between the average heights of the two 
groups. It is, therefore, concluded that the two groups of auroras belong 
to two distinct spectral types. 

For the sunlit auroras two types of intensity distribution may be 
distinguished. One in which the red oxygen lines are greatly enhanced [41] 
and the colour of the aurora is greyish violet and the other in which the 
negative bands of appear with great intensity and is of a bluish colour 
[42]. 

Height effect . — It has bee n found that in the same aurora, e.g. a streamer 
the ratio of the intensities of two spectral components changes with height. 
The main results observed are as follows [43]: 

The intensity (/) of the red oxygen radiation increases relatively to 
that of the green radiation with height. The ratio (/esoo/^ss??) upper : 
(^680o/‘^6877) lower Varies between 1*4 and 4*25, the average value being 
2-6. The height difference between Mower’ and ^ upper’ vary between 
60-100 km. 

The intensity of the negative bands increases relatively to 
that of the green oxygen line with height. The ratio (/ 4278 /f 6877 )iippw: 
(^4278/^6877) lower varics between 1*4 and 1 * 9 . The altitude variation is tiie 
same as before. 

The intensity of the Vegard-Kaplan bands of N 2 increases relatively to 
that of the negative bands with height. 

The intensity of atomic nitrogen lines increases relatively to that of the 
N 2 negative bands with height. 

The study of these height effects is of great importance in determining 
the variations of composition in and the physical state of the upper 
atmospheric regions. Further observations are, however, necessary before 
these results can be properly interpreted and fully utilized. 

Latitude effect . — ^The auroral characteristics change markedly with 
latitude. 

It has been observed that the intensity of the red oxygen lines and the 
frequency of the red auroras of type A increase as one passes from the 
auroral zone towards lower latitude [44]. (The comparison was made 
during the same period of observations at Tromso and at Oslo.) 

It appears that the mean altitude of the auroras increases as one 
moves £rom the auroral zone towards lower latitudes [46]. Such high 
altitude auroras are charac terized by the A 5200 line of atomic nitrogen and a 
high intensity of the red oxygen lines (A 6300) relative to that of the green 
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line (A 6677). This is illustrated in Fig. 17, Plate II (facing p. 400) aft^ 
Dufay and Tcheng Mao-Lin. The picture is an enlargement of a spectro- 
gram obtained on September 18, 1941 at the St. Michel Observatory, Haute 
Provence, France [46]. The high intensity of the red oxygen lines and the 
great prominence of the atomic nitrogen line are clearly seen. The intensity 
effect may, however, be an altitude effect {vide supra) rather than a latitude 
effect. 


4. PASSAGE OF SWIFT PARTICLES THROUGH THE 
ATMOSPHERE 

We now proceed to discuss the possible variations of intensity of 
auroras with height on the assumption that they are caused by bombard- 
ment of the upper atmospheric gases by charged particles — ^ions or electrons. 
But before doing so it would be useful to recall the data, relevant to this 
theory, which have been obtained in laboratory experiments on bom- 
bardment of gases by charged particles. Such experiments are on the 
determination of the efficiencies of ionization and excitation by the passage 
of swift particles, on the cross-sections Of the atoms and molecules for these 
various processes when exposed to a beam of charged particles and the 
Wilson chamber experiments for determining the ranges of the charged 
particles. These laboratory experiments differ from the actual bombard- 
ment process in the upper atmosphere in two important respects. In the 
laboratory experiment the gas bombarded, whether it is in a Wilson chamber 
or in a discharge tube, has the same density throughout. In the upper 
atmosphere the density is variable, decreasing from bottom upwards. 
Secondly, the upper atmospheric phenomena are on a scale of entirely 
different magnitude from that of the laboratory experiments. For instance, 
in the case of laboratory experiments the lengths of the ionization track 
in the gas might be a few centimetres, whereas those in the upper atmos- 
phere for auroral rays might be hundreds of kilometres. 

(a) Probabilities of ionization and excitation by fast particles 

Experiments on ionization by bombardment of charged partic les show 
that for fast electrons the probability of ionization is small. The probability 
increases as the electrons slow down, and attains a maximum at about 100 
electron-volt. It then decreases again. The total number of ions produced 
by a fast electron as it runs itself dead (in air) is about 30 times the number 
of kilovolts expressing the initial kinetic energy [47]. 

For heavier positive particles, Wilson chamber experiments show that 
high speed particles produce copious ionization very much more intense than 
electrons. In fact, while the tracks of positive particles in Wilson chamber 
appear as thick continuous lines, being densely packed by droplets due to 
copious ion formation, those for electrons appear broken, the individual 
droplets being sensibly apart and recognizable as such. As in the case of 
electrons, the probability of ionization by fast positive particles increases with 
decrease of speed; it attains a maximum at about the same velocity as that 
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of the electrons, namely electron-velocity corresponding to 100 electron volts 
[48]. This, of course, refers to a-particles in air, but the value probably does 
not differ very much for other positive particles. The total number of ions 
produced by the average a-particle of range 6*07 cm. is 2*20x10^ [40]. 
The number of ions produced per mm. of path increases as the range (or 
velocity) of the particle diminishes and attains a maximum for particles 
with about 3 mm. range when it is 6000 per mm. Afterwards it diminishes. 
For 2*1 cm. range it is 4600 per mm. It may be noted that the energy 
spent for producing an ion-pair is 32-3 volts for oxygen molecule and 35 
volts for nitrogen molecule. 

Experiments on the likelihood of excitation of atoms and molecules by 
direct bombardment of fast electrons show that the probability of such 
excitation (i.e. excitation without ionization) is extremely small. The 
likelihood is maximum when the electron energy is a little above that corres- 
ponding to the excitation potential and even then the effective cross-section 
of the particle is only a few per cent or a few pro-thousands of the gas 
kinetic cross-section. 

For positive particles, observations show that the particles leave behind 
them a trail of excited atoms. Such excited atoms may be due, either to 
excitation by direct impact or, to the positive ions formed dropping into an 
excited state, instead of to the normal state, when neutralized by recombina- 
tion with an electron. But in any case the observed luminosity is extremely 
feeble compared to that produced in discharge tubes. 

(6) Range of fast particles 

A question of considerable importance in the theory of aurora is the 
depth to which swift particles (charged or uncharged) coming from outside 
will penetrate into the atmosphere. 

From Table I it is seen that the average lower limit of aurora is round 
100 km. Auroras are also known to occur occasionally at heights as low 
as 66 km. The amounts of air above these heights, reduced to S.T.P., 
are about 1 cm. and 100 cm< respectively. The speed and energy necessary 
for such ranges are very high indeed. Unfortunately, we have no well 
established theoretical formula to estimate these quantities. One has to 
rely more or less on experimental data and on empirical relations. 

For a-particles of radioactive origin accurate laboratory data are 
available. Thus, the range of a-particles from Thorium C, velocity 
2*063 XlO^ cm./s. is 8*711 cm. of air at 15*’C. and standard pressure; range 
of the same particles from radium, velocity 1*611 X 10^ cm./s. is 3*389 cm. 
[62]. There is an empirical formula for the range given by HpQ = 
where v is the speed and K a constant characteristic of the particle 
concerned. According to this formula K = 4*2x10“^^ for a-particles and 
2*36 xl0~i^ for protons [60]. 

Data for Ca-** ions and protons are of special interest as evidences of the 
piesenoe of these ions between the earth and the sun have been obtained 
during magnetic storms [61 , 61a] (see Chapter IX, Sec. 2d). The same order 
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of speed is deduced for both from the fact that auroras and, simultaneously, 
magnetic disturbances occur about a day (e.g. three-quarters to two or three 
days) after the appearance of bright spots on the sun, if it is supposed that 
the solar c orpuscles producing these phenomena originate from such spots. 
No laboratory experiments have been made to determine the range of Ca+ 
ions of such speeds. But, from comparison with the range of recoil atoms 
in argon it is concluded that such particles will have a range of only 
0*15 cm. in air at standard pressure (instead of 1 cm. as required). 

From what has been said above it is clear that particles of the order of 
1000 km./s. speed (which is the speed obtained from spectroscopic and also 
from the ‘delay’ evidence as mentioned above) cannot penetrate to the 
observed auroral heights. It thus appears that streams of solar corpuscles 
travelling with such speed are accelerated, in some yet unknown way, to 
the requisite penetrative speed as they near the earth. This is not possible 
for a single charged particle. It may, however, be so for particles of a 
neutral ionized beam (see Chap. IX, Sec. 4a). 

For electrons the range can be measured from the tracks of the electrons 
shot off when a pencil of homogeneous X-ray is passed through a gas. 
The initial energy of the electron is calculated from the X-ray data. For 
an electron of energy 58,000 volts the observed range is found to be 5*7 cm. 
The ranges may also be calculated after a theory developed by Bohr, but 
they are found to be only 60 to 65 per cent of the observed ranges [52a]. 
Lenard had attempted to measure the range of an electron-beam on the 
assumption of mass absorption by the gas traversed. Thus 

/ = /o exp {—fim) 

where Iq and / are the original and the final intensity of the beam, fi the 
mass absorption coefficient and rn. the mass traversed per unit area across. 
We might define the range of the beam as the length of the path in traversing 
which there will be, say, 95 per cent absorption. The mass absorption co- 
efficient varies with the energy of the electron, being 1*8x10^ for 26-volt 
electron and 13 for 339000- volt electron [53]. 

5. THEORETICAL CALCULATIONS OF INTENSITY VARIATION 

WITH HEIGHT 

We are now in a position to discuss — if not to explain — some of the 
characteristic variations of auroral light intensity as depicted in Fig. 7. 
Curves I, II and III in the figure are what one would expect if light emis- 
sion were associated with ionization and the high atmosphere were isother- 
mal with the density decreasing exponentially with height. Curve IV 
depicting the intensity distribution in streamers', in which the intensity 
remains more or less constant with height is, however, unexpected. 

(a) Positive particle bombardment 

If the bombarding particles are positive ones the light emission may 
be assumed to be proportional to the ionization produced. The density 
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of ionization produced will, at any point, depend np<m two factine — 
the density of the air at the point and the speed of the particle. Since the 
density of the air increases as the particle comes down the ionization will 
also increase. Further, as the speed of the particle diminishes the prodno* 
tion of ions may inci»ase or decrease .according as the velocity of the 
particle on entry into the atmosphere had been greater or less than the 
critical velocity for maximum ionization (v s 5-94x10* cm./sec.). If the 
atmosphere be isothermal, the rate of increase due to the exponential 
increase of air density is much greater than the possible decrease effect 
mentioned above, and the ionization therefore increases along the path of 
the trajectory till the particle is near the end of its range. CnrvesinFig. 18 
depict the intensity distributions calculated on the above basis, for a-particles 



Fio. 18. Values of ionizatioa (oaloulated) produced at different points of the trajeotoiy 
of fiiist positive particles penetrating into the atmosphere. The ordinate scale is 
proportional to the intensity of emission which is taken to be proportional to the 
intensity of ionization. Curve 1 is for «-rays ; Curve II for a heterogeneous bundle 
of canal rays. It may be noticed that the distribution of intensity resembles the 
curves of Fig. 7. (After Vegard.) 

and for homogeneous bundles of other kinds of positive particles, by 
making certain assumptions regarding the density distribution [64]. It 
will be seen that the intensity distributions of these curves resemble those 
in Fig. 7. 

(b) Electron bombardment 

If the bombarding particles be electrons the intensity distribution, 
instead of being assumed to be pn^rtional to ionization, may be taken to be 
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proportional to the ra^of absorption of the electron rays ftlong their trajec- 
tories. For obtaining the illumination curve, an auxiliary curve is first 
drawn, after Lenard, with the help of the formula for mass absorption, 
depicting the variation of intensity of the electron ray as it penetrates into 
the atmosphere. Another curve giving the nUe of changs of the electron-ray 
intensity at various points along the path is then plotted. This latter 
curve may be supposed to give light intensity distribution with height 
when the upper atmosphere is traversed by electron rays (Fig. 19) [54]. 
These curves are similar to the Curves I, II and III in Fig. 7. 



Fio. 19. Curve I— Variatioa of inteoBity of electron rays as they penetrate the atmos- 
phere; the atmospheric density is assumed to'vary exponentially with hel^t. 
Curve n^Intensity of the luminescence produced by the absorption of eleotieii 
rays. (After Vegard.) 

The remarkable distribution of light intensity in auroral streameni 
(Curve IV, Fig. 7), namely a nearly uniform luminosity along the length of 
the streamer which may extend to some hundreds of kilometres, is difficult 
to explain. Several hypotheses have been put forward in this connectioiL 
It may, for instance, be supposed that the incident bundle of electric rays is 
composed of particles of different masses and velocities. Such 
whether they follow straight paths along, or spiral paths round the of 
force [see Appendix, Sec. 7], will be absorbed at difiSsrent heights. It may be 
imagined that the composition of the ray-bundle is such that the psrtioles 
absorbed at different heights produce the same degree of that iSf 

sensibly the same luminosity. Against this hypothesis it might be said 
that according to Stdrmer’s calculationt (see Chapter IX, Seo. 86) the 
component particles of such a heterogeneous beam, Anmlng fiom a gnoA 
aS 
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distance, ndll enter the earth in widely different places and cannot follow 
the same line of force. 

Another hypothesis based on the heating effect of the upper atmosphere 
by bombardment of charged particles, which does not seem to have been 
much discussed, may also be considered. Radio observations indicate 
that the atmosphere above 100 km. is far from isothermal. Indeed, 
available evidence shows that there is, on the average, a rising gradient of 
4^ K per km. above this level [see Chap. XI, Sec. 2 and Chap. XllI, Fig. 1]. 
This will cause a distribution of density with height falling mur h less rapidly 
than in the case of an isothermal atmosphere. Radio observations also show 
that, due to bombardment by fast charged particles there may be a further 
increase of temperature during magnetic storms. During auroral displays^ 
which generally accompany magnetic disturbances, there may, therefore, be 
a large enhancement of temperature tending to make the distribution of 
density with height more uniform. The uniform illumination in auroral 
streamers may thus be a consequence of uniform density distribution due 
to heating caused by the impinging particles. 

We may, in connection with the above hypotheses, discuss the possible 
causes of various auroral forms and their changes from one type to the 
other. Not infrequently one type of aurora gradually changes into another 
type — a homogeneous arc may gradually change over to a drapery-shaped 
arc and then transform into draperies and ray-bundles. The hypothesis 
that the different auroral forms are caused by bombarding electric rays 
gradually changing in composition — yet arriving at the same place of the 
earth is to be discarded for the reason already given. It is, however, 
possible that the variation from one type to another is due to a gradual 
variation of air density distribution within the auroral region. According 
to Vegard, however, such changes may explain the difference shown in 
different localities, and at different times in the same locality but cannot 
possibly ac;count for the very large changes in intensity and type occurring 
in the same locality at about the same time. Vegard [55] is inclined to 
believe that the different types, as also their changes, are due to the ray 
bundles being composed of orbits, not parallel but meeting the lines of 
force at different angles. He has assumed various distributions-in-angle of 
the component trajectories, and has shown that the calculated intensity 
distribution given by these conforms to the observed distribution in the 
arc, the drapery and the streamers. 

(c) Spiral trajectories and auroral streamers 

Finally, we shall discuss the intensity distribution due to the so-called 
^spiralling’ trajectories. In our discussion so far we have tacitly assumed 
that the ionizing bundle of rays — ^whether of positive particles or of 
electrons — move approximately in straight paths following the lines of 
force. These trajectories, if they were able to proceed ideally, would reach 
the centre of the earth-magnet. The spiralling trajectories, however, 
28 b 
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approach close to the earth along a spiral path and then recede after 
ooming to a minimuaiL distance. 

The distance d of the turning point from the pole is, as shown in 
Appendix, Sec. 7, equal to r sin 0, where 0 is the angle which the trajectory 
makes with the lines of force on entry and r the distance of the point of 
entry from the pole; If the particle slows down due to energy spent in 
ionization then the number of turns would increase but the height of the 
turning point would remain unaltered. If 0 is large, approaching 90^, the 
number of turns will be large and the particle, as it will have to traverse a 
much greater length of air, might run itself dead before reaching the tyming 
point. The ionization, as measured along the length of the lines of force, 
will obviously be greater particularly near the turning point of the trajectory. 

Consider a trajectory which is completely absorbed before reaching the 
turning point. Let the angle which the trajectory makes with the lines of 
force (supposed to be nearly vertical) at the height h, where large absorption 
is taking place, be Then, if 0 a be regarded as constant in the small 
interval of path in which the predominant part of the absorption is taking 
place, the air-equivalent rx at this height for vertical incidence, will have to 
be multiplied by 1 /c os 0 to give the eifective air-equivalent for the trajec tory 
under consideration [55a]. If the lines of force round which the trajectory 
spirals be not vertical, but have a mean inclination /, then the air-equivalent 
has to be multiplied by 1/cos 0 cos /. Thus, if the penetrating power of a 
ray be cm. of air, the depth to whic h it will penetrate when moving 
(near the point of predominant absorption) round lines of force of inclination 
I and making an angle 0 a with the same, will be that at which the air- 
equivalent Tk (that is, the amount of air mass above the point) is such 
that fA/cos 0 cos / = Rq, a partic le of a spec ii!ed range will therefore 
penetrate different heights of the atmosphere depending on the angle which 
the trajectories make with the lines of force. In general the bottom- 
edge of the luminous track will be higher for the spiralling trajectories 
than for those which follow a straight course in the direction of the lines. 
For the latter the height of the bottom edge is fixed by the penetrating 
power of the ray. For the former, however, the lower edge of the track need 
not be so fixed. A particle with a high penetrating power may reach the 
turning point without running itself dead and then recede. And this height 
is always greater than the height limited by penetrating power. Acc ording 
to Stormer, Vegard and others the auroral streamers are produced by 
spiralling trajectories. It is found that the streamers have, in general, a 
higher bottom edge than other types of auroras [see Table I, p. 412]. 

I 

6. EXCITATION OF AURORAL SPECTRUM 
(a) Introduction — Excitation of the first negative bands of 

The primary source of excitation of the auroral spectrum in the upper 
regions of the atmosphere is undoubtedly bombardment by fast charged 
corpuscles of solar origin. Simple considerations show, however, that this 
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bombardment cannot be tbe immediate cause of excitation of oU the 
observed lines and bands. 

Tablb IV 

Oompofiaon ojtha apeeifai ehairacUHaUta of aurora and of fUght aiir^glaw. 



Qaographioal distributionj 


of ooourrenoe • . 


Primary floaroe of energy 


Ckmditions under which 
observations are made 


Spectra; 

(1) First negative bands 


(2) First positive bands 
ofNtV-»A) 

(3) Second positive 
bands or N||(0 -^jS) 

(4) Vegard-Kapkui 
bands of N.(A-^X) 

(6) ForbiddenlinesofO 
X 6677 (green) 

A 63007^ 

A 63631'®® 


(6) ForbiddenlinesofN 


(7) Allowed lines of 
OandK 


(8) Ha line 


Aurora 


Observed in polar regions. 

Occurs most frequently in 
the region 90-120 km.; 
sunlit auroras occur at 
much greater heights — 
360-660 km. and occa- 
sionally extend up to 
1100 km. 

Charged particles from the 
sun. 


Observations are made 
when the source is in 
action. In the case of 
sunlit aurora the ultra- 
violet solar rays are also 
acting. 


Strongest of all nitrogen 
radiations. 

Greatly enhanced in sunlit 
aurora. 

Strong in ordinary aurora. 
Comparatively faint. 

Very weak. 

Green radiation is very 
strong, usually much 
strong^ than the red. 
But in going up an auroral 
streamer the intensity of 
the red lines increases. 

In sunlit aurora the red is 
greatly enhanced. The 
intensity of the red is 
about 4-6 times that of 
the green. 

Obseri^ in low latitude 
Utitude. 

Certain allowed lines are 
strongly emitted in 
Aurora. See Table HI. 

Occasionally present. See 
Table m. 


Kif^t air-glow 


Observed all over the world. 

Luminescent layers located 
between lOC-400 km. 
(Regions E and F of the 
iono^here.) 


Ultraviolet radiation from 
the sun. (And also bom- 
bardment by particles from 
interplanetary space t) 

Observations generally made 
at night when the primary 
source is not acting. 

In the special case of early 
morning and evening 
observations the source 
may be acting on the hi|^ 
atmoqphere. 

Generally absent; but when 
the high atmosphere is 
illuminated by the rays of 
the rising or the setting 
sun, they are very strong. 

Strong. 

Very faint. 

Very strong. 

Both green and red are 
very strong and are of 
nearly eqiw intensity. 


In high sunlit atmosphere 
the intensity of red lines is 
greatly increased while that 
of green is hardly affooted. 

Not definitely identified. 


Not observed. 


Not observed. 
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Firstly, if the ezoitation were due to direct bombardineiit, the different 
spectral lines and band systems would develop at different heights. Experi- 
mental results show that for simple excitation (without ionization) the 
energy of the bombarding electrons must lie close to the exciting voltage. 
The bombarding particles as they penetrate into the atmosphere attain the 
required velocities at different heights within narrowly defined limits. The 
corresponding spectra should therefore be emitted only from these strata 
unless of course one assumes that the bombarding particles possess a wide 
range of velocities. 

Secondly, the auroral spectrum has certain similarities with the night 
air-glow spectrum (see Table IV) and this latter is excited even when 
there is no bombardment by solar corpuscles. 

It is therefore convenient to classify the auroral spectrum into two 
categories according to the mode of excitation: (i) spectra excited as a 
result of direct bombardment, and (ii) spectra excited as a result of reactions 
amongst the neutral and charged particles, e.g. electrons, positive ions 
produced by the bombardment. 

Regarding the grst, it is now generally agreed that the only part of 
the spectrum excited by direct bombardment is the first negative bands of 
nitrogen molecules thus, 

N*+e-*’Nj(A')-fe-|-e. 

{Note : — ^The bombarding particle has been shown as an electron; but it 
may also be a positive ion (e.g. 00+ and/or H+ ion) or a neutral particle, e.g. 
H atom.] 

It will be noticed that as a result of the impact the Ng molecule is 
ionized and at the same time, raised to the A' state from which the negative 
bands originate (see Fig. 17, Appendix, Sec. 2). The hypothesis that the 
negative bands are excited by direct bombardment, receives strong support 
from the fact that these bands are easily excited in discharge tubes (^here 
the bombarding process is operative) and also that the intensity distribution 
is similar to that in the aurora. 

Difficulty, however, arises in the interpretation of the other spectral 
components, e,g. the forbidden red and green lines of oxygen, the first 
and second negative bands of Ng and also, how these particular lines and 
bands are excited while others are absent or extremely weak. 

Many theories have been proposed to explain these characteristics of 
auroral spectrum. Rut none of them can be said to be entirely satisfactory. 
In what follows we shall give brief accounts of some of the important 
theories and discussions. 

(4) Forbidden atomic oxygen lines and the Ng-bands 

(i) Vegard’a theory . — According to Vegard [66b] the Ng band eygtetOB are. 
all excited by direct electronic impact and that the main problem is to explain 
how only forbidden emissions and not the allowed ones of atomic oxygen 
(as then unknown) occur. For the explanation Vq^ard assumes the presence 
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of nitrogen molecules loaded 'with higher energy (fj — so-called active 
nitrogen molecules. The assumption is not unreasonable since active 
nitrogen is known to be produced by strong dischuge. The energy of the 
active Ng molecule is assumed to be 9*56 eV. The following reaction 'with Ot 
molecules is proposed, 

E,+Of*om+om+,. 

It is argued that since the surplus energy « is only 0*26 eV-, the reaction hae 
a high probability. For the excitation of the red auroral lines the presence 
of ozone is further assumed. The probable reaction according to Vegard 
is as follows: 

F,+ 03 -^ 0 {^^) -i-t. 

Vegard does not make any spect&c assumption regarding the nature of 
active nitrogen though, as mentioned above, he assumes its energy to be 
9*56 eV. 

The older views about active nitrogen are the following: (1) It is 
atomic nitrogen and that when the two atoms unite in a . three body colUsion 
the energy of dissociation DlNg) is released 'tac^rd|b)g,Herzberg D(Ns) 
is 7*36 eV ; according to Gaydon it is 9*76 eV.). (2) It is molecular nitrogen 
in the metastable A -state from which the Vegard-Kaplan bands originate. 
According to more recent view of Mitra active nitrogen is {X’) ions. 
(For an account of the theories and properties of active nitrogen, see Bef. 

[66] .) The energy available in this case, in the neutralization of ion 
in the presence of a third body is 16*68 eV. Bates, Massey and Pearse 

[67] have examined the probabilities of emission with Vegard’s reaction in 
which either the N atom or the ion is the active agent. In both the 
oases the emissions are found to be too weak. According to these authors 
the older theory in which N 2 (A) molecules is regarded as the active substance 
has more likelihood of being the energetic molecule of V^ard. The energy 
loading in thul' case is 6*16 eV (see Fig. 17, Chapter X). However, on 
various grounds, the authors attach little significance to the rdle of such 
molecules in the excitation of the auroral spectram. 

(ii) MUm'a Aypothems.-r-According to this theory, the first negative 
bands are excited by direct impact of charged solar corpuscles as already 
explained at the beginning of this section. 

For the excitation of the first positi've bands and the forbidden of 
atomic oxygen Mitra favours the same process as ad'vanred by him earlier 
to explain the simultaneous emissions of these bands and lines in the night 
sky [68]. Mitra was led to this hypothesis by the existence of certain 
similarities between the auroral spectrum on the one hand and the night 
air-glow spectoum on the other, particularly when the high atmosphere is 
observed during twilight (see Table IV). The process is fully discussed in 
Chapter X, Sec. 2(o) and is only briefly noticed here. 

Since oxygen atoms have very high electron affinity, 0“ ions are readily 
formed. These 0- ions react with N, ions as follows: 

N+(X')+0--*.N,(B)-fO(iS) (I) 
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The prooeBs is one of so-ealled electron transfer and may be expected to 
have a high probability when the resonance condition is satisfied [see 
Chapter VI, Sec. 12, Table V]. Since the ionization potential of N 2 is 16'68 
eV and the electron affinity of atomic oxygen is 2*2 eV, the energy released 
on neutralization is 13*38 eV. This energy is taken up almost entirely by 
both Nt and 0, if, on neutralization, the former drops to the -vibrational 
level v' B 9 of the JB-state (9*1 eV) and the latter is excited to the ^8 state 
(4*2 eV). The Ns (£) molecules thus produced come down to the ^l-state 
and emit the first positive bemds and the 0 {^8) atoms to the W and then to 
the *P state and in the course emit the green and the red forbidden lines res- 
pectively [see Fig. 1 7, Chapter X]. If account is taken of the fact that some 
of the Ns molecules will be in low vibrational states on account of the high 
temperature of the region (average temperature lOOCK corresponding to 
0*2 eV) then to accommodate this extra energy the neutralized Nf molecules 
will drop to the vibrational levels v' a 10, 11 or 12. The emissions corres- 
ponding to transitions frbm these levels Are just those that are found 
enhanced in the first positive band system in the auroral and the night sky 
spectra. (There is some uncertainty about the value of the electron 
affinity of O. While Lozier [69] gi-ves the value as 2*2 eV, recent experi- 
ments of Vier and Mayer [60] yield the value 3*0 eV. The former is, 
however, the generally accepted value and has only been taken into consi- 
deration here.) 

8econd positive and the Vegard-Kaplan bands . — ^Reaction (I), on account 
of the inadequacy of the energy, cannot raise the Ns molecules to the C-state. 
As such, it cannot explain the emission of second positi-ve bands of Ns. 
That the mode of emission of the second positive bands must be different 
is also obvious from the following consideration. The auroral spectrum 
shows that the Ns molecules, after emission of the second positive bands, 
are left in the levels 1-4 of the ff-state. But the most intense first positive 
bands originate in levels 11 to 8 of the same state. 

The faint emission of second jwsitive bands can be explained if it is 
assumed that some of the Nj ions combine directly -with electrons by the 
radiative process producing neutral molecules in the (7-state. We thus have 

. N+(X')+«-**N8(C7)-f Av (II) 

The cross-section of Nj for such reaction is 10~^* cm.* [61] and is small 
compared to the cross-section for reaction (I) which is 10“!* cm.* [62]. 
The presence of comparatively faint second positive bands both in the 
auroral aod in the night sky light is thus explained. 

As shown in Table IV, there is a marked difference in the intensity 
of the Vegard-Eaplan bands in the aurora and 'in the night air-glow. 
Since the Ns molecules after emission of the first positi-ve bands are left in 
the A-state, it might seem strange why the V-K bands which are doe to 
transitions of the Ns molecules from this state to the X, (ground) state, 
would be weak in the former but strong in the latter. The explanation is, 
however, simple. The A-state of Ns is known to be a highly metastable 
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ttate, i.e. it has a long life. Nov the metastable molecule may come down 
to a lower state by either radiation of energy or by a radiationleBB process 
by giving up its energy to another particle with which it collides. In 
.order that the process may be a radiative one it is neoessaiy that the average 
interval of collision must be greater than T c where T is the average lifetime 
of the metastable state and c is the efficiency of collision. (l/< is the 
average number of collisions necessary to bring the metastable particle 
down by a radiationlesB process.) Now, the auroral spectrum is emitted 
from heights which are low (90-120 km.) compared to those from which 
the 0*Unes and Nfbands of night air>glow are emitted. The collisional 
frequency in this region being higher, the metastable N 2 (A) molecules are 
brought down to the normal state rather by collision with the other 
atmospheric partides than by radietion of the bands. That the 
relative Weakness of the V-E bands in the auroral light may be due to the 
higher collisional feequency at auroral levels has also been suggested by 
Chapman [63]. 

Critteianu of the {heoriea. — ^Bates, Massey and Pearse [67] have closely 
examined the various theories put forward for the excitation of the auroral 
q>eotrum. They agree with Mitra that insofar as the first negative bands 
are concerned, these are excited as a result of direct bombardment by solar 
corpuscles. They, however, doubt the adequacy of the radiative recombina- 
tion process for the second positive bands on the grounds that the 
recombination coefficient is too low for the purpose, and also that there is 
no reason why in the recombination the state Nt (C*/7) should be preferred 
to the numerous other possibilities. In regard to the excitation by charge 
transfer process (I), they are of opinion that this- need not be the only process 
of excitation. Instead, they consider that a number of mechanisms 
(uiolnding direct excitation and charge transfer) are involved. As there 
will be large increase in electron concentration (with electrons of energy 
up to 20 eV), it is quite likely that there will be excitations by electronic 
impacts also. They note in particular the possibility of the dissociative 
recombination process as follows: 

0++e-*-0'+0'(8tates »P, 1Z>, »5) 

which they had suggested earlier to explain the forbidden atomic oxygen 
lines in the night sky. The relative importance of the different processes 
depend on factors such as electron energy, degree of ionizaticm, the gas 
density and tonstitution, and, hence the wide spectral range as observed 
could be anticipated. However, as the present state of our knowledge of 
these various factors are still inadequate and as opposing influences are 
frequently involved it is not yet possible to explain the full complexity of 
the auroral spectrum. 

(e) Forbidden atomic nitrogen lines 

It has been proposed by Mitra [64] that dissociative recombination 
of N| ion, followed by production of N-atoms in the metastable *P and 
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*D states can acooant for the forbidden atomic nitrogen lines in the aurora. 
Consider the reaction 

N+(Z') +«-*.N(«P)+N(«i)) 

assuming that the dissociation energy of Na is as given by Qaydon 
viz. '9'76 eV [66]. The energy supplied by the left-hand side is 16‘68 eV 
(first ionization potential), the (X') ion being in the lowermost vibrational 
level. The energy demanded by the right-hand side is 16*69 eV being 
the total of those required for dissociating the neutral Na molecule (9*76 eV), 
for exciting one nitrogen atom to the *2) state (3*66 eV) and for exciting 
the other atom to the *P state (2*37 eV). The demand is thus slightly in 
excess of supply. Now, the observed N^ band systems show that the 
excited N 2 (X') ions, firom which the bands originate, are left, after emis- 
sion, not only in the lowermost vibrational level v'sQ, but also the 
higher levels v* ss 1, 2, etc. of the Nj (-7') state. The dissociative recom- 
bination can thus take place with the N^ (X') ions as are in the higher vibra- 
tional levels «*sl, 2>and are loaded with energy slightly in excess of 
that demanded by the reaction. [Alternatively, as has been pointed out 
by Bates (private communication), the kinetic energy of fast incident 
electrons may supply the slight deficiency in energy.] The N^iX') ions 
which are left in the lowest vibrational state (v' ^ 0) react with 0~ to excite 
the lines and bands as indicated by £q. (I) in sub-sec. (h) above. The slight 
defect in energy also explains the absence of atomic nitrogen lines 
in the night air-glow. Because, though electrons and N^ (X') ions are both 
present in the upper atmospheric regions where the night air-glow 
originates, the ions, in the absence of any bombarding corpuscles, are 
mostly in the lowest vibrational state. It is to be noted that similar 
dissociative recombination for the case of 0^ ion is advocated by Bates 
and Massey to explain the emission of forbidden atomic oxygen lines. 

If nitrogen atoms are already present in the upper atmospheric regions, 
then the emissions of the atomic N-lines may be assumed to be caused by 
direct electronic impacts. Processes have been suggested by which N-atoms 
may be produced as a result of extreme ultraviolet light absorption. 

Thus, the vibrationally excited N 2 '''(X') ions as are necessary for the 
dissociative recombination process discussed above may be produced as a 
result of absorption of solar radiation A < 661, by which the N^-molecules 
are ionized and, at the same time, raised to X'-level (see Appendix, Sec. 2, 
Fig. 17). After the emission of the negative bands (A'->^X'), those of the 
Nt*'’(X') ions which are left in the higher vibrational levels undergo disso- 
riative recombination and X-atoms are produced as explained above. 

Again, according to Herzberg and Herzberp [66a] absorption in the 
wavelength range AA 1160-1260 in the region of Lyman-Birge-Hopfield 
bands (see Appendix, Sec. 2, Fig. 17) may lead to predissociation — ^tbe 
predissociation limit being between the levels v' s 6 and 7 of the a ’/f state. 
As the absorption is comparatively weak '(the bands representing a forbid- 
den transition) the radiation will penetrate deep and the formation of the 
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nitrogen atoms isill go on oyer a considerable range of heights. This 
explains that notwithstanding the dissociation, N 2 molecular bands are 
observed from greater heights, e.g. sunlit aurora. [The discussion of the 
possibility of dissociation of N 2 molecules as a result of the extreme ultra- 
violet light absorption may be taken as a continuation of the same in 
Chapter V, Sec. 3.] 

{d) Allowed atomic oxygen and nitrogen lines 

No specific processes have been suggested for the excitations of the 
strong allowed lines of atomic oxygen and nitrogen as listed in Table III. 
It will be noticed that the energy of excitation is high, being 10*5 eV for 
the oxygen lines (see Fig. 16, Appendix, Sec. 2). One is tempted to 
suppose that the atoms are excited to these high energy states by the direct 
impact of the impinging fast corpuscles. But, as mentioned in the intro- 
duction, for such case the energy of the colliding electron should lie close 
to the exciting energy and the reqiiired speed of tho bombarding corpuscle 
will be attained within narrow limits of heights. Further, as the intensi- 
ties of these radiations are quite high, the hypothesis that the atoms are 
excited in the process of radiative recombination is not favoured ; because, 
it is well known that the probability of radiative recombination is very 
smalU 

{e) The spectrum of sunlit auroras 

The spectral characteristic of sunlit aurora consists in the enhance- 
ments of the red lines of the atomic oxygen (leaving the green line unafiected) 
and of the first negative bands due to N^. These effects are strikingly 
analogous to those of the night sky spectrum during early morning or 
evening hours when the rays of the rising or the setting sun touch the 
high atmosphere (Fig. 20, Plate II, facing p. 409). These enhancements are 
simply explained as due to the direct action of the solar ultraviolet rays on 
the oxygen atoms and on the N 2 molecules. 

It is to be noted that the spectra (a) and (c) were taken when the high 
atmosphere was illuminated by the solar rays and spectra (5) and (d) when 
the same was in the dark. For (a) the height of the sunlit auroras was 
400-600 km. and the exposure from 2* 36* to 3* 56*. For (5) the height was 
90-120 km. and es^osure from 21* 45* to 21* 55*. The exposure for the 
twilight spectrum (c) was 15 min. only and for the night air-glow spectrum 
(d) 1 hr. 

Taking the case of oxygen atoms we note that they are raised to W 
state (from which the red lines are emitted) by absorption of A< 6300 and 
to state (from which the green line is emitted) by absorption of A< 2972. 
But the' number of 0 atoms raised to the state is much larger than that 
raised to the ^8 state. This is due to two factors. Firstly, the absorption 
coefficient of 0 atom for excitation to the *Z) state is much higher than that 
for excitation to ^8 state, and secondly, the density of solar radiation in the 
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spectral region A< 2072 corresponding to transition to the ^8 state is about 
100 times smaller than that in the region A< 6300 corresponding to transi- 
tion to W state. As a result of this, the red oxygen lines are emitted in 
much greater intensity than the green line. (These points are discussed in 
greater detail in Chapter X, Sec. 26.) 

Regarding the enhancement of the first negative bands of N 2 there are 
two possibilities. 

(1) The N 2 molecules have strong absorption in the region A< 661. 
Absorption of solar extreme ultraviolet radiation in this region ionizes 
and, at the same time, raises the ionized molecule to the A' state from which 
the negative bands originate (Fig. 17, Appendix, Sec. 2). 

(2) ions in the ground (XO state are already present in the high 
sunlit regions and that by absorption of radiation in the region A < 4708 the 
ions are raised to A ' state from which the negative bands are emitted. Both 
these views are the same as those advanced to explain the * twilight fiash* 
in the upper atmosphere (see Chapter X, Sec. lb). 

(/) Height effects 

The * height effects* as described in Sec. 3(6) can generally be explained 
as due to de-activation by collision of the metastable atoms and molecules 
which contribute to the auroral spectrum, though, other causes may also 
be operative. We may, for example, examine the increase of intensity of 
red oxygen lines, relative to the green line, with height. 

According to reaction (I) p. 438 the 0-atoms are raised to ^8 state 
and then come down to the ground state by successive radiations of the green 
and the red lines Since for every emission of the green line 

there must be a corresponding emission of the red lines the intensities of 
the two should be of the same order. (The probability of emission by 
jump is considered to be very small compared to or 

The difficulty is removed if the great difference in the lives of 
the oxygen atoms in the metastable states ^8 and W is recalled. The 
value of the former is 0*5 second while that of the latter is 100 seconds. At 
lower levels, on account of higher collisional frequency, a larger propor- 
tion of atoms comes down to the ground state by radiationless process. 
With increasing height- the collision frequency decreases and an increas- 
ing number of atoms in the ^Z) state has chance of emitting the red lines. 

The intensity increase with height of the Vegard-Kaplan bands and of 
the atomic nitrogen lines (both of which originate from highly meta-stable 
states) can also be similarly explained as due to the decrease of collisional 
de-activation with height. The reader interested in quantitative estima- 
tion of the collision de-activation effect may conshlt Ref. [66]. (It should 
be noticed that the increase of the intensity ratio negative bands/ 
oxygen green-line, with height cannot be simply explained as due to 
collisional de-activation effect.) 

There has been some confusion regarding the height effect as discussed 
above with the sunlight effect discussed earlier, since the two effects are 
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similar, namely enhancements of the red oxygen liniM and of the negative 
bands of N|. While Stdrmer [67] bdieved that the ohaxaoteristies of sunlit 
aurora as observed by him were true effect of sunli^^t, Yegard was of 
opinion that the effect was merely an extension of the height effect as 
observed by him [68]. There, howevw, need be no confusion; because, 
the portions of the aurora studied by St6rmer were actually within the 
sunlit portion of the atmosphere and the enhancements are exactly similar to 
the offset of simlight on high atmosphere as first obswved by Slipher [69] 
and later confirmed by Elvey [70]. Farther, the region observed is generally 
300 to 600 km. and is much above the region in which Yegard observed his 
height effect. 



CHAPTER IX 


THEORIES OF MAGNETIC STORMS AND AURORAS 
1. INTRODUCTION 

It has been known for a long time that terrestrial magnetio disturbances 
and the auroral displays hare certain essential features in common. We 
hare already seen in Chapters Vn and VUI that both occur with great 
intensily and frequency in zones round the magnetio axis poles of the earth; 
both are idso found to be closely associated with solar aotiriiy. Their 
intensities and frequencies of occurrence wax and wane orer the ll*year 
solar cycle. Any theory proposed in connection with the one oi]^t, 
therefore, in its frindamentals, to hold in reqtect of the other. 

The theory, for instance, should explain : 

(а) The distribution of auroras in space, in particular the auroral 

belt and the height of the most frequent occurrmioe of auroras; 
it should also explain the various distinct fonns which the 
auroral displays assume. 

(б) The origin of magnetio disturbance, both of the world-wide ^pe 

Dtt and also of that related to the local time 8d^ Of the 
latter, it should explain in particular the marked localization 
of the disturbance near the auroral belt. In other words, 
it should explain the origin of the various upper atmosidierio 
current systems to which these disturbances are due. It 
should aUK) explain such minor magnetio disturbances as 
magnetio pulsations. 

(e) The periodicity of the auroral and magnetio phenomena as related 
to the sun, e.g., the diurnal and seasonal variations, , the 27- 
day recurrence tendency and the variations foUowing the 
11-year solar cycle. 

The fact that magnetio disturbances and auroral displays are con- 
centrated round the axis poles has long led to the belief that both the 
phenomena are caused by high qieed charged corpuscles guided towards 
these regions by the action of the terrestrial magnetio field. 

These ideas received strong support firom laboratory experiments with 
'Terrella' as were first performed by Birkeland [1]. An iron sphere 
surrounded by a magnetizing cod was placed in the centre of a large vacuum- 
chamber. (te exposing the sphere to cathode rays produced in the chamber 
it was found that with a certain degree of magnet&ation and certain velodiy 
of the cathode rajrs, the latter vrould strike the qphete round the poles 
(Fig. 12). 

Ratpuding tiie source of the charged corpuscles it was suggested by 
Goldstein, as early as 1881 [2] that the partioles may be of solar origin. 
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Perhaps the simplest theory is to assume that the sun occasionally sendit 
out su3h particles (of one sign only) in the form of a beam. The beam thus 
constitutes an electric current stream and, on approaching the earthy it 
is so deflected as to precipitate round the polar region 6f the earth. This 
theory ba^ been developed in great detaill)y Birkeland [3, 4] and by Stbrmer 
[6, 6]. The theory has many attractive features but nevertheless it has to 
encounter a fundamental difficulty first pointed out by Schuster [7]« To 
produce the auroral (and magnetic storm) phenomena the number density 
of the particles in the arriving stream must be very great. But, if the 
stream contains charged particles of one sign only then the particles would 
be dispersed by mutual electrostatic repulsion long before the stream 
reaches the earth from the sun. To obviate this difficulty Lindemann 
[8] proposed that the stream as a whole may be electrically neutral, being 
composed of equal amounts of both positive and negative particles. This 
idea was taken up by Chapman and Ferraro [9, 10] and later by Alfr^n 
[11]. The former authors explained by their theory only the initial and 
the main phases of magnetic storms. The theory has, however, been 
extended by Martyn [12] by making use of certain hydrodynamical analog- 
ies and it is shown that it can give very plausible explanations of almost 
all the features of the auroral and geomagnetic disturbance phenomena. 
It appears now that the Chapman-Ferraro-Martyn theory is the only 
surviving theory of auroras and magnetic storms. 

In what follows we will first give a brief r^sum£ of the various suggested 
processes by which charged particles may be emitted from the sun. Short 
accounts of the different theories of magnetic storms and auroras will then 
be given. These will include, besides the theories in which the charged 
particles are assumed to be of solar origin, also the * ultraviolet light* 
theory in which the particles are assumed to be produced in the earth’s 
upper atmosphere (by the action of ultraviolet radiation) and not in the 
sun. 


2. EMISSION OF CHARGED PARTICLES FROM THE SUN 
(a) Milne process 

Of the various possible sources of emission on the sun those that have 
been first considered are, naturally enough, the solar prominences. As is well 
known these are of common occurrence and appear on the solar disc as 
bright or dark filaments when examined with the spectro-heliograph [see 
Appendix, Sec. 8]. They are, however, displayed in their full grandeur 
when they occur on the limb of the sun and then provide opportunity for 
studying the details of the motion of the matter in them. Measurements 
show, however, that the velocities with which matter is shot upwards in 
the solar prominences are small compared to those required for corpuscles 
causing auroras or magnetic storms. The mean velocity is 1 63 km./sec. with 
occasional maxima of 400 km./sec. The prominences, as such, cannot, 
therefore, provide particles necessary for explaining the auroras or the 
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magnetic storms. Nevertheless, a study of the process by which matter in 
the prominences is thrown to great heights (10,000 km. or more above the 
sun’s disc) has suggested a mode by which high speed ions may be ejected 
from the sun. This we now proceed to discuss. 

Calculations show that matter projected upward from the sun would 
soon fall back to the surface unless supported by some force acting upwards. 
In fact, prominences are often observed to shoot upwards in jerks in def ance 
of the law of gravity as if they were receiving from time to time impulses 
from below [13]. According to Milne [14] these impulses are caused by 
* radiation pressure’ the origin of which is, however, quite different from 
that of the familiar radiation pressure exerted by light falling on reflecting 
or absorbing bodies of sizes large compared with the wavelength. This 
pressure is essentially dependent on sdective absorption by the atom 
placed in a unidirectional radiation held. Consider an atom in the chromo- 
sphere exposed to radiation from the photosphere below. Assume 
for simplicity that the atom can exist in two states, a normal one and 
an excited one caused by absorption of radiation to which it is exposed. 
The wavelength of the radiation absorbed will be that of the corresponding 
Fraunhofer absorption line and, as such, its intensity will be much less 
(about one-tenth) ^han that of the continuous spectrum on either side, 
being only that due to the residual intensity of the line. The atom on 
absorption will go over to the excited state and at the same time receive 
an upwardly directed momentum, since, on absorbing a quantum of 
radiation an atom absorbs also the momentum possessed by the quantum. 
As long as the atom remains excited it will not experience any further 
impulse because it does not absorb any further radiation. After some time 
(of the order of 10~^ sec.) it will radiate and return to its normal state and 
will again be in a position to absorb. It will then re( eive a fresh impulse 
upwards and the process is repeated. The atom, of course, experiences a 
recoil momentum when it emits the absorbed radiation, but the recoil 
being in a random direction, its average is ?ero. The integrated effect 
of the unidirec tional impulses received during absorption is the same as 
that of radiation pressure and the absorbing atom is held in suspension m hen 
the downward acceleration due to gravity whic h is always acting, is balani cd 
'by the pressure. The atoms in the chromosphere thus remain suspended 
about a certain level above the surface of the sun. The equilibrium may 
be compared to that of small bits of paper fluttering and held in suspension 
in an upwardly directed stream of air sometimes falling slightly and some- 
times ascending by the w'ind pressure. 

Now consider an atom which, at the instant of absorption, was mo\’ing 
upward with a high velocity, i.e., a velocity large compared with the average 
velocity but small compared to the velocity to be presently discussed. 
There is always a certain percentage of such atoms if the velocity distribu- 
tion in the chromospheric gas particles be of a Maxwellian type. Lue to 
Doppler effect the wavelength of the radiation which such an outwardly 
moving atom will absorb selectively is less'than what it would if it were at 
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rest. The intensity of the altered wavelength is relatively high because it 
will lie outside the central darkest part of Fraunhofer line in the violetward 
wing. The atom is thus subjected to much higher radiation pressure as 
it has to bear almost the full brunt of the radiation intensity in the con- 
tinuous spectrum, and is accelerated outwards. As before, after a certain 
interval the atom radiates experiencing a recoil momentum at random 
— ^the average of which is zero — ^and is again in a position to absorb radiation 
of still shorter wavelength and receive a still higher impulse. The process 
goes on and the atom moves further and further away from the sun until 
the ‘dilution’ of radiation due to inverse square law reduces the acceleration 
to zero. The atom may thus get right outside the gravitational field of 
the sun with a large limiting velocity. It is obvious that the particles 
that may thus escape are just those that are held in suspension by the ‘ radia- 
tion pressure’ (H, He, Ca+, Sr+ and Ti+). Milne has studied in particular 
the case of the Ga+ ions which are present abundantly in the high levels 
of the chromosphere and finds that the limiting velocity is of the order of 
1600 km./sec. 

It is to be noted that the particles projected may be neutral or ionized. 
In the former case the neutral particles composing the emitted beam may 
be ionized on their outward journey. The beam as a whole would still 
be neutral because the electrons and the positive ions would be moving 
with same speed in the beams. For the latter case, however, conditions 
will be different. Imagine that positive particles are being projected from 
a particular region of the photosphere. The outgoing particles will induce 
a negative charge in the region and cause electrons, which are abundantly 
present due to thermal ionization, to escape also. The electrons, however, 
will not have the same speed as the positive ions as they are not subject 
to the same intense radiation pressure. (The only ‘pressure’ which they 
experience is that due to Compton scattering, which is extremely small 
compared to that on atoms due to selective absorption.) According to 
Milne, therefore, the aggregate of charged particles, Ca+ ions and electrons 
for instance, will not form a neutral cloud but will have a positively charged 
head and a negatively charged tail and the head will be moving faster than 
the tail. These considerations have important bearing on the neutral 
corpuscular beam theory of auroras and magnetic storms to be discussed 
presently [Sec. 4]. 


(b) Alfvin’s process 

It has been suggested by more than one author that high energy 
particles may be produced in sunspots, which are seats of intense magnetic 
field of strength several thousand gauss (see Appendix, Sec. 8). According 
to Alfv^n, the rapid whirling motion in the sunspots (due to the magnetic 
field) must produce strong electric polarization. And, such polarizations 
can give rise to discharges which would accelerate charged particles up 
to energies of the order of magnitude 10® electron volts [16]. 
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Alf^dn further discusses how these charged particles would be expelled 
from the sun if (as originally supposed by Hale) there is, as in the case of 
the earth, a general magnetic field at the surface [16]. However, much of 
Alfv^n’s arguments loses its significance as later observations cast grave 
doubts on the existence of such a field [17]. Nevertheless, we shall briefiy 
describe Alfv^n’s process (on the supposition that the sun has. a general 
magnetic field) as it contains many interesting ideas. 

Consider first the simple case when the charged particles (positives and 
negatives in equal number) are produced within a small region at the 
equator with velocities directed normally to the solar surface. The particles, 
on accoimt of the assumed general magnetic field of the sun, will not be 
able to leave the surface of the sun (in the absence of the process described 
below) even if they have energies of the order 10^ eV, but will describe 
orbits round the lines of force. If the magnetic field (north-south) were 
homogeneous, the orbits would be circles (of radius about 10^ to 10^ cm. 
for 10^ eV particles). However, as the field is not homogeneous (decreas- 
ing outwards from the sun) the paths described are only nearly circular 
and the positives and the negatives will drift (with nearly circular motions) 
along lines perpendicular to the field and its gradient, that is, the positives 
westward and the negatives eastward. Due to this motion, which we may 
call the inhomogeneity drift motion, the region will be polarized, with positive 
space charge on the west and negative on the east. There will thus be an 
electric field (F) west to east. The strength of the field will evidently be 
determined by the equilibrium between the rate of space charge production 
by the drifts on the one hand and the rate of neutralization of these charges 
on the other. 

Note , — The drift in an inhomogeneous field is understood as follows. Consider 
the motion of the particles in the equatorial piano of the sun. Remembering that 
the magnetic lines of force run perpendicular to the’ plane and that the force decreases 
outwards, the part of the (nearly) circular path close to the surface will be in a stronger 
field than the part remote from the same. As such, the former part of the path will 
have a stronger curvature them the latter part euid the particles will drift sideways 
with spiralling motion. 

The region under* consideration containing the charged particles is 
thus subject simultaneously to a magnetic field (directed northward) and 
to an electric field (directed eastward). Under their joint influenc e all the 
charged particles within the region will drift radially outwards (at right 
angles to both H and F) with the veloc ity v = cFjH. This drift W’e may 
call polarization field drift. As the positive and the negative space charges 
are continuously produc ed at the Vest and the east sides respectively (by 
the inhomogeneity of the field) of the region containing the high energy 
particles, this region will move radially away from the sun, and will form 
a ray whi(*h will be maintained as long as the production continues. The 
ray or the stream w'ill be laterally polarized in the equatorial plane being 
traversed by a west-east electric field. It is to be noted that the velocity 
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in the (nearly) oircular paths round the magnetic lines of force» is large in 
comparison with the velocity of the drift motion. 

It may be noted that in the process of polarization the positives and 
the negatives drift in directions against the electric forces acting on them. 
As such, part of the kinetic energy of the particles (due tOAuearly circular 
motions) is transformed into potential energy of the electric field produced 
by the drifts. The energy depends on the strength of the inhomogeneous 
magnetic field which produces the polarization and is given by kH (electron- 
volts) where i is a constant depending on the initial condition. (This 
omits a relativity correction which is of importance for the high energy 
particles, e.g. 10^ eV energy, up to distances of about 10 sun-radii.) For 
electrons of 10* eV energy generated at the surface of the sun, in a field 
of a 30 gauss, the value of X; is ^.10* eV/gauss. 

It can be shown that the lateral * inhomogeneity ’ drift speed of the 
particles varies as 1/r, the forward ‘polarization field ’ drift speed as \/r, 
the number-density in the stream as 1/r” and the polarization electric 
field as IJri (where r is the distance from the centre of the sun). Another 
characteristic of Alfv6n’s solar stream, which is of importance in his theory 
(see Sec. 5), should also be mentioned. In the above we have, for simplicity, 
considered only such of the high energy particles as are moving in the 
equatorial plane. If, however, the particles which have velocity com- 
ponents perpendicular to the equatorial plane are taken into consideration, 
then it is found that though the width of the stream in the equatorial plane 
is not sensibly increased, that perpendicular to the same is much enlarged. 
This is because, while the lateral drift does not appreciably broaden the 
ray, the velocity component perpendicular to the plane causes (in addition 
to the nearly circular motion with lateral drift) an oscillating motion along 
the lines of force perpendicular to the equatorial plane. This has the 
effect of considerably increasing the dimension of the stream perpendicular 
to the stream. 

(c) Nuclear processes 

Since the interior of the sun must be a seat of nuclear reactions it is 
very likely that high speed particles produced such reactions are shot off 
from the sun. Saha [18] has suggested that nuclear reactions may occur 
near the sun's surface also. It is known that the solar coronal lines 
(as shown by Edlen, following a suggestion of Grotrian) are to be attributed 
to such highly ionized atoms as Fe+^* to Fo+®, Ni+i* to Ni+^i and Ca+i* 
and Ca^^^. According to Saha such particles may be produced by nuclear 
fissions occurring near the surface of the sun. He has also suggested a 
process by which can be produced. It is very probable that nuclear 

reactions which produce the highly ionized coronal particles, also produce 
at the same time fast ionized particles. 

It is interesting to note in this connection that there is now evidence 
that cosmic rays (which are very high-energy charged particles) are produced 
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in the sun during solar flares. In Fig. 1 it will be seen that the oosmie ray 
intensity record has increased greatly almost simultweonsly with the 
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Fio. 1, Illustrating the simultaneity of solar flare and radio fade-out phenomenon 
on the one hand and the sudden in^pease of cosmic ray intensity on the other. 
It will be noticed that the sudden commencement of the associated magnetic 
storm occurred 26*8 hours later. This indicates that the solar corpuscles respon- 
sible for the storm travelled with speed of the order 1000 km./sec. The cosmic 
ray intensity was recorded at Cheltenham, Maryland, U.S.A. 

solar flare, when there was also an increase in ionospheric absorption (radio 
fade-out). This effect is generally observed in high and middle latitudes 
but not in the equatorial regions. An interesting point to note is that 
during the main phase of the magnetic storm the cosmic ray intensity has 
decreased below the average level. This may be an efiFect of the magnetic 
fleld of the equatorial ring current (see Secs. 3, 4), causing deviation of the 
cosmic rays from their usual statistical distribution in latitude. It will 
also be noticed that the associated magnetic disturbance occurred about 
24 hours later indicating that the charged corpuscles responsible for such a 
disturbance travel with speed of the order 1000 km./s. (This figure may 
be compared with Fig. 78, Plate III in Chapter VI.) 

(d) Evidence of the presence of corpuscular streams 

It has been suggested that a beam of particless charged or uncharged 
emanated from the sun ought to be discernible by its dimming effect on 
the solar disc when the beam is in the line of sight between the earth 
and the sun. No sign of any such effect has been detected. Two other 
independent evidences, of the incidence of charged particles during 
magnetic storms and auroral displays have, however, been obtained. 
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Solar spootrograms taken at the Mt. Wilson Observatory [19] during 
the solar <yole ended in 1944, showed that those obtained during magnetio 
storms indicate two very shallow absorption bands extending about 12 A 
towards the short wavelength side from about the centre of the H and 
K lines. The absorption though small, only about 1 per cent of the back* 
ground continuum, thus indicates the presence of Ca+ ions in the intw* 
planetary space speeding towards the earth. (The possibility of detecting 
such abaorptions was first suggested by Chapman [20].) Computations 
show that the maximum velocities are about 1,000 km./sec. and the mean 
ones about 600 km./seo. Observations similar to above have also been 
made at Cambridge, England [19a]. 

A direct proof of the entry of protons into the terrestrial atmosphere 
has been obtained by the asymmetrical broadening — extension more towards 
the violet — of the Htt (A 6562) line in the aurora. During a moderate 
aurora the shift may correspond to a mean velocity of 675 km./s. with a 
iwftTimnm 1,350 km./s. [20a]. During intense auroral displays a velocity 
up to 3,200 km./s. has been recorded [205]. It is to be noted that the 
asymmetrical broadening is observed only when the direction of observation 
is along the magnetic lines of force. For observations at right angles to 
the lines of force there is only a small symmetrical broadening — both 
towards ted and violet — by about 10 A [20a]. This may be due to motion 
of the scattered atoms in the line of sight or to spiral motion round the 
line of force. 

It may also be mentioned that observations show that there is close 
oonelation between incidence of magnetio storms wd appearance of 
bright eruptions on the sun’s disc — ^in which the visible hydrogen and 
calcium radiations ore greatly enhanced. It has further been found that 
great magnetio storms and auroral displays tend to occur about a day 
after the bright eruption. It is, therefore, natural to suppose that such 
storms and dkplays are caused by charged jwrticles emitted from the sun 
simnltaneonsly with the bright eruptions. 

(«) Form of the Solar Corpuscular stream 

Irrespective of the process of emission of the charged particles, one 
can draw certain conclusions r^;ardmg the form of the emissions, from 
considerations of the observed characteristics of the auroras, magnetio 
storms and associated ionospheric effects which are supposed to be caused 
by such emissions. 

Thus, as first suggested by Maunder [21], the emissions from the solar 
surfiace should be in the form of narrow beams. The 27-day recurrence 
tendency of magnetio storms is then easily explained if the natural 
assumption is made that the beam emanating radially rotates with the 
sun and the auroral wd magnetic phenomena occur when the beam sweejNS 
over the earth in course of each solar rotation. Chapman [21a] has studied 
the geometry of the beam in detail and draws attention to the fact that 
owing to rotation of the sun, the beam will be curved in space — ^the 
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ouTTataie depending inversely on the velocity of the pertiole. The sCbot 
is thns described by him: *As the stm rotates the direotion of sarfHliai 
changes continuonsly, and the stream will sweep roond like water fteai 
a fire-hose whose diiMtion of emission is rotated’ (see Fig. 2). 


Fig. 2. niustrating how a stream of particles emit* 
ted continuously, radially from a point source on 
the sun is curved due to the sun's rotation. (The 
radii of the circles indicating sun and earth are 
magnified ten -fold in relation to the radius of the 
earth's orbit.) The speed of the particles is 
assumed to be 1000 km./sec. The earth moves 
over the distance AB in the time taken by the 
strecun of paiHicles to reach the earth's orbit from 
the sun. (After Ohapman.) 


It is also possible to predict some of the characteristic features of the 
beam from the following considerations. The region of the solar surface 
emitting the beam must have a synodic period of rotation the same as 
the recurrence period of magnetic storms [Appendix, Sec. 8]. From 
observations on sunspots it is found that their synodic rotation periods 
are 26-9, 27-3 and 28*3 days at latitudes 0®, 15®, and 30® respectively. 
The beam must therefore be emitted from a region of the solar surface lying 
not higher than 15® latitude. Again, if it is assumed that the width of the 
beam is directly connected with the duration of a storm then for a storm 
lasting 24 hours the width of the beam should be 13*3® ; for a 2-hour dis- 
turbance it should be 1®. (These calculations are based on the supposition 
that the emissions travel with the velocity of light. If the emission consists 
of material particles travelling with velocity less than that of light, the 
width required would be less.) Finally, for a storm with a sudden com- 
mencement the beam must possess an extremely sharp edge. 

For reasons discussed below the beam (radial) cannot be a narrow one. 
The surface rotation of - the sun is not constant with time. It varies 
with the solar activity and increases by about 6 per cent from the epoch of 
sunspot minimum to that of sunspot maximum . If the magnetic disturbances 
on the surface of the earth were to be associated with beams of solar radia- 
tion emanating from the surface of the sun and participating in its rota- 
tion, one would expect the 27-day period of recurrence to show a systematic 
lengthening and shortening for groups of years of fbw and many sunspots. 
No such systematic variation of the 27-day period has yet been detected 
[ 22 ]. 

We have already referred to the seasonal variation of magnetic activity 
which shows two maxima, one near the vernal equinox and the other near 
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the autumnal equinox, when the sun crosses the earth’s equatorial plane 
[Chapter VII, Sec. 7]. Attempt has been made to explain the occurrence of 
these two equinoxial maxima by considering the tilt of the sun’s axis of 
rotation to the ecliptic [23]. The inclination of the axis with respect to the 
line joining the earth and the sun is greatest (7-2®) at about September 7 
and March 6. At the former we see most of the northern hemisphere of the 
sun and at the latter most of the southern hemisphere. The beam emissions, 
which are supposed to start from belts lying between heliographic latitudes 
10®-16® within which sunspots occur most frequently, will therefore sweep 
across the earth mostly in the months of September and March. In the 
former month the emissions reaching the earth are mostly from spotted 
belts in the northern hemisphere and in the latter from those in the southern 
hemisphere. An explanation of the equinoxial maxima may thus be 
obtained. This view has, however, been subjected to close scrutiny by 
Chapman and also to rigorous tests by Bartels [24] and is found untenable. 

From the above it follows that the beam may be narrow in the 
equatorial plane, but must be broad in the perpendicular plane so that 
the frequency of occurrence of magnetic storms would not depend on the 
heliographic latitude of the earth. It may be recalled that Alfv^n’s solar 
stream conforms to this condition (vide supra). 

Finally, to obviate the Schusterian difficulty, the stream, as suggested 
by Lindemann [8], must be electrically neutral, consisting of charged 
particles of opposite signs in equal numbers. 


3. CHARGED SOLAR CORPUSCULAR STREAM THEORY 
(BIRKELAND-STORMER) 

(a) Introduction 

As already mentioned in Sec. 1 the idea of Birkeland and Stormer that 
auroral and magnetic disturbances are caused by streams of charged particles 
(carrying charges of one sign only) being deflected towards the earth by its 
magnetic field, labours under the Schusterian difficulty. This difficulty is 
of a fundamental character and forces one to assume that the stream, as a 
whole, must be electrically neutral, that is, it must contain charged particles 
of both the signs in equal numbers. But such a stream will not be deflected 
by the earth’s field, and, as such, will not be able to produce the auroral or 
the magnetic storm phenomena after the manner envisaged by Birkeland 
and Stormer. There thus appears to be no other alternative but to abandon 
the theory. Nevertheless, the analysis of the motion of a single charged 
particle arriving into the terrestrial magnetic field from a great distance, 
as was started by Birkeland and later developed in great detail by St6rmer, 
in connection with the development of their theory, is of considerable 
importance and has many applications irrespective of the correctness of 
the theory. As such we now proceed to give a brief r4sum6 of this 
analysis. 
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(b) Motion of a charged particle in the field of a magnetic dipole 

(i) Stormer'a analysis . — Consider a particle of charge e and mass m 
moving with a velocity v in a homogeneous magnetic field of intensity I 
The particle experiences a force in a direction at right angles to its directio. 
of motion and to H. The magnitude of the force is equal to Hev sin a 


where a is the angle between H and v. If the field be uniform and the 
velocity is at right angles to the direction of the field, then the particle 
describes a circle of radius p given by 

mv^ -- 

= Hev. 

P 

The ability of the particle to counteract the defiecting force Hev is directly 
proportional to its momentum mv and inversely to its charge e. The 
quantity mvie = Hp S is therefore called the ‘ stiffness’ of the particle. 
It is equal to the radius of gyration in a magnetic field of unit intensity. 


Since the force Hev always acts at right angles to v, the magnitude of the 
velocity will not in any way be affected even when H changes from point to 
point. 

Let the components of the magnetic field at any point x, y, z be 
Hgft fly, Hg. The equations of motion of a negatively charged particle 
may be written as: 

fr/ u 

Multiplying these equations by dxjdt, dyjdt and dzjdt respectively and 
adding, we find that 


.. ( 1 . 1 ) 
.. ( 1 . 2 ) 
.. ( 1 . 3 ) 


This means, as already stated, that the velocity of the particle is independent 
of the magnetic field fl and remains constant throughout its course. We 
may therefore introduce the line element ds in place of the time element 
dt according to the relation ds ^ v dt. Eqs. (1) therefore reduce to 


da* mt’L ^dsj , 

® fw * » 

mv L J 


dai 


.. ( 2 . 1 ) 
.. ( 2 . 2 ) 
.. ( 2 . 3 ) 
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OonsUIer now the fidd H to be that doe to the earA. At large dietaaoee 
tills field may, with fiur api»ozimation, be assomed to be that doe to a 
nnifonnly magnetized iphere, or to a dipole placed at the origin of the co- 
ordinate system with its moment M directed along the Z-azis [see Chapter 
Vn, See. 1], Fmr snoh an demmitary dipole the components of the magnetic 
field are given by 


IT - 

Hg — —All -JJ- • ■ 

• • • • • • (3.1) 


• • • • s • (3.2) 

B.- 

r» 

• • • • • • (3*3) 

where r* ss x^+^+z^. 


Substituting the values of Hg and H, from Eqs. (3) and putting C 

tat {Melmv)i, Eqs. (2) reduce to 

d*® C* r_ dz ^ dwl 

(4.1) 


(4.2) 


• • • • • • 


If the quantity 0 which has the dimension of length is chosen as the 
unit of length, the equations take the form 

dt* _ dyz dz 3z*— r* dy 
d^~ 


f* ' ds f* ds 

d*y _ 3z*— f* ^ ^ 

ds* ~ r* ds r* ds 


(5.1) 


( 6 . 2 ) 


d*z 3xz dy 3yz dx 
ds* r* ds r* ' ds 


.. (8.3) 


The significance of the unit C is as follows: A particle characterized 
by m, V and e moving at this distance (C) in the equatorial plane of the 
dipole, with its velocity directed at right angles to the radius vector join- 
ing the particle to the dipole, will describe a circular path round it of 
radius equal to G. This is easily proved by equating the centrifugal force 
mv^lp to the electromagnetic force Hev remembering that the intensity of 
the field at any distance R in the equatorial plane of the dipole is given by 
Jf/H* 

Using cylindrical co-ordinates R, z as indicated in Fig. 3, we may 
write 

xszRooB^,yssRsm^ and z^iz. 
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By maltiidyiiig Bq. (6.1) by dn ^ and (6.2) by oos 4 ond sabtraoting we 
get 

w 



This, on integration, gives 


K»^_:^4.2v 
^ da ~ r* ■ * 


(7) 


where y is a constant of integration which can have any value from — co to 
+ 00 . Similarly multiplying Eq. (6.1) by cos ^ and Eq. (6.2) by sin ^ 
and adding we get 



d‘R 1 dQ 

da* 2 9R 

. (8) 

where 



. (9) 

Also from Eq. (6.3), 

d*z 1 dQ 

da* 2 dz* 

. (10) 

and therefore 

fdRy.fdzV ^ 

\da/ 

. (11) 

Solving Eqs. (7), (8) and (10) for R, ^ and z and remembering Eq. (0), we 
get the trajectory of the x>article. 

Since the constant y figures prominently in the discussion that is to 
follow it would be useful to understand its physical significance. If the 


quantity B*lr* (which appears on the right band side of Eq . (7)) be put equal 
to a constant «, then the resulting equation is that of a line of force of the 



468 


UPPER ATMOSPHERE 


CHAP. IX 


dipole. Further^ since B df/ds is the component velocity along the tangent to 
the circle drawn round the Z-axis through the instantaneous position of the 
particle (remembering that da can be regarded as an element of time), the 
quantity B(B d^fda) on the left hand side of Eq. (7) is the component of the 
moment of momentum of the particle along the Z-axis. As the particle moves 
it cuts the lines of force and, along its path, the constant a defining the lines of 
force, as also the moment of momentum above defined, change. Eq. (6) there- 
fore states that along the trajectory, the rate of change of moment of 
momentum (along the Z-axis) is equal to the rate of c hange of the constant a 
defining the lines of force. At a great distance, i.e. , where r is many times the 
unit of length C, B^jr^ is negligible and the meaning of the constant y is then 
simplified. It is then the component of the moment of momentum of the 
particle along the dipole axis and is a constant of motion. 

Inspection of Eq. (7) and of Eqs. (8) and (10) shows that the motion 
of the particle in space may be regarded as consisting of two parts. Imagine 
the BOZ plane (Fig. 3) in which the particle is situated to swing round the 
Z-axis in such a way that the particle is always in this plane. The motion 
then is resolvable into: 

1. Motion in the plane BOZ with B and Z as functions of time (i.e., 
of ^) according to Eqs. (8) and (10). 

2. Motion of the plane itself with ^ as function of time (i.e., of s) 
according to Eq. (7). 

Trajectories in space can thus be determined by first integrating Eqs. (8) 
and (10) and then finding from Eq. (7). Rigorous integration which is 
necessary for a quantitative investigation of the trajectories is, howeveri 
difficult and involves extremely laborious computations. Stormer has 
evolved certain relatively simple methods of graphical integration which 
can be employed with advantage when a not very exact view of the trajec- 
tories is needed. The more laborious task of numerical integration is 
resorted to when the greatest accuracy is aimed at. Mechanical integra- 
tion has also been adopted with the help of the ‘ Bush Differential 
Analyser’ and many thousands of trajectories calculated. But even 
without actual integration the motion of the particle can be understood 
and several important com lusions drav^ from the above equations. 

Motion in the meridian plane BOZ . — According to Eqs. (8) and (10), 
motion in the rotating plane BOZ is derivable from the function \Q^ s being 
considered as time. It is best understood with reference to the so-called 
level lines of the space derivative of which gives the force acting on the 
particle. The force is thus at right angles to the curves for w^hich Q == 
constant, and acts in a direction in ^^'hi< h Q is increasing. The constant-Q 
curves can be easily drawn with the help of Eq. (9) for any given value 
of the integration constant y (see Figs. 4-6). Thus 

. ■ -- 2y B 

yl—Q = ^+,-1 = «. a constant. 


.. ( 9 . 1 ) 
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If ^ b« the angle between the i^-axis and r, we hare R =srt&a.^ and 

h- 

rsin^"^ r* ’ 


^henoe 


y±\/y*+il:sin«0 

kBin^ 


.. ( 12 ) 


For a given value of y the various level lines for which Q s constant, 
can be drawn by assigning different values to k. 

Motion of the plane BOZ.— The motion of the plane ROZ is derivable 
from Eq. (7) which may be written in the form 




It should be noted that the motion of the plane may not always be in the 
same sense; it may oscillate to and fro. If y is > 0 the quantity on tiie 
right hand side will bo positive and ^ will always increase with time. If 
however y is negative, equal to — yj say, the right hand expression can 
assume zero or negative values. It is easy to see that ^ will be increasing 
up to the limit given by 


which is the equation of the curve for © = 1, i.e., i = 0, as is evident from 
Eq. (9.1). Thus ^ will be increasing as long as the particle is within the 
toroidal surface generated by 


r = 


sin^0 

2yi 


When the particle moves out of this space, ^ will decrease, that is, the 
plane will be rotating in the opposite sense. One may, with a little 
imagination, picture how the trajectory of the particle moving in the plane 
BOZ will behave when the plane itself changes its sense of rotation. 



Fro. 4. Gbnstaat-Q curves for y am 1*001. (After StSrmer.) 
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filned in a qpsoe of adiioh the boondaiy is given by Q <■ 0. ITUs may also 
be aeen ficmn the fiiQowiDg oonsideratioa. We have 

«-i-(5+$)- •• •• •• w 

If d be the aoj^ adiioh tiw dinotion of motion of the particle (vdooity «) 



yto.4. OoM t an t -^anrmfery — — 0«S. (AlUa StOmar.) 


at any instant makes with the rotating plane BOZ, then, remembering 
that d$ B eA, 


rin § B . 



FiO. 7. Illustrating the Qy spaces for different values of y in which the trajectories 
of a charged particle moving in the magnetic fiMd of a dipole are confined. On 
the left, the dark regions are meridional sections of the forbidden spaces; the 
white regions represent the allowed spaces in' which the trajectories are confined. 
On the right, these spaces are pictured in three dimensions. The whitish spaces 
are forbidden and the dark ones are allowed. (After Stdrmer.) 
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wmk Z mBcmiEB or MAwmno Bscmia jm 

Bq. (7) thienlbN bMoniM 

or nn9 — ^+^sit. 

Thus ire liaTe, from Bq. (9), 

Q m l-(sin 9)a 

end, eiiice tlie nuudnmm and mhihiniin valnes of ain^ 9 am 1 and 0 napeo* 
tividy, Q moat lie between 0 and 1 ; that ia, the traoes of the tnjeotoriea on 
the rotating plane are confined in the region 

l>GXh 

The whole qpaoe round the dipole can tixna be divided into allowed 
and forbidden qiaoee, the. boundary aqiarating the two depending on the 
value of y ohoeen. The meridional aectiona of the boundary (hi{^bwat . level) 
am given by the ourvee obtained by putting Q m 0,i.e.,h « ± 1 inBq. (12). 
The bounding euifiMsea, i.e., the Burfiecee within which the tejeetoriee am 
confined in qpace am generated by the mvolntion of theae cnrvee round the 
Z-axiB. Afewoftheeesuiiaoeesqwratingthe 'forbidden.’fironithe ‘allowed’ 
apace am ahown in Fig. 7 (Plate I) foraix different valneB of y ranging firam 
ya 0*2 to —1*016. In the figuiea on the left the dark r^ona ahow in 
section the ‘forbidden* qiaoee while the white regions repreaent the allowed 
spacea in which the trajectoriee am confined. On tiie right theae spaces am 
pictured in three dimenaiona aa formed by the revoluticHi of the figures on 
the left round the di^e axis. Ifoe the whitish qu^cea am forbidden 
and the dark ones am allowed. 

StSrmer calla the spacea in -which the trajectories am confined 
regions and has investigated them in great detail. He has ahown tiiat IhiM 
regioUB iBiy be claseified into three distinct types according as the vahm^of 
tiie integration constant y fidls in any of .the ffdlowing ranges 

(i)y<-l 
(u) -l<y<0 
(iii) 0<y. 

The ffdlowing characteristics of the Oy regions ffnr values of y lying within 
theae rungea may be noted in Fig. 7 (Plate 1). 

(i) y<_l. For this case the allowed qiace conrista of two parts 

one sepanded fimm tiie other; the direct path from infinity to the dipole 
is blocked. - , 

(ii) — l<y<0. Fbr this case 'the two allowed Oytyaces unite, i.e., 
the origin ie connected to infinity hy fifee Qy qace. Trajectories from 
infinity can reach the origia. 

(iii) 0<y. For this case the Qy space from infinity is blocked at tibe 
oentm the dtyole. Trajeotoriaa from infinity cannot reach tlm origin. 
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The trajectories of charged particles moving in the field of a dipole, 
are of inSiaite variety and of extremely complicated shapes. They may, 
however, be conveniently classified into the following four types: 

(1) Orbits reaching the earth from infinity, as also orbits proceeding 
from the earth to infinity. 

(2) Orbits from infinity unable to reach the earth and receding away 
from it after approaching a minimum distance; also orbits starting from 
the earth and falling back on it being unable to proceed to infinity. 

(3) Periodic orbits in which, as the name implies, the charged particles 
may move round the dipole indefinitely. 

(4) Asymptotic orbits which approach the periodic orbits asymp- 
totically. 

(ii) Stdrmer*s wire models of trajectories; curve of precipitation . — ^In 
order to obtain a realistic view of the orbits in space of corpuscles travelling 
towards the dipole, Stormer has constructed many wire models of the trajec- 
tories. Such a model is shown in Fig. 8. It will be noticed that by £sr 
the largest number of trajectories turn away from the earth on nearing it. 
These, we shall see later, contribute to what Stdrmer calls a * ring current* 
round the earth. Fig. d is the picture of another wire model illustrating a 
few trajectories which, emanating from a point source (in the sun) reach 
the earth. It also shows how su3h orbits strike the earth only at certain 
definite spots near the poles. This model also serves to explain, accord- 
ing to the Birkeladd-Stormer hypothesis, certain characteristic features 
of the auroras. The trajectories, for instance, strike on the night side 
of the earth which is in conformity with the observed occurrence of 
auroral maxima during night. Again, some trajectories pass right round 
the earth before striking it. These contribute partly to the ring 
current referred to above. We may also refer to another wire model 



Fte. 8. StSmier's wire model of trajectories. Note that by far the hugest number 
of the trajectories turn away from the earth on approaching it. 
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Fia. 10. StOrmer*8 wire model illustrating trajectories (each with a different value 
of y) coming from different directions and striking the earth. The trajectories 
all start parallel to the same meridional plsne. 
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(Fig. 10) in which the trajectoriee (each with a different Talne of y) 
come fitnn different directions conesponding to different positkAS of the 
son with respect to the axis of the earth magnet. They all, however, start 
parallel to the same meridional plane, i.e., plane through the magnetic 
axis. The distribution of the points at which the trajectories cut the 
surface of a small sphere round the dipole is shown in Fig. 11. It will be 
seen that the points of intersection are arranged in the shape of a spiral 



Fig. 11. Oorva of precipitation diowing the distribution of the points at which the 
trajectories of Fig. 10 out the surface of a small sphere round the dipole. (After 
Stenner.) 

round the pole called the curve of precipitation. It will further be noticed 
that as the spiral proceeds outward, a small change in the y value (which 
amounts to a small change in the position of the emitting point) produces 
a large change in the position of the point of incidence. 

(iii) Experiments with 'Terrella \ — Apart from the applicability or 
otherwise of StSrmer’s theory to explain auroral phenomena, its correctness, 
so far as the mathematical analysis is concerned, has been subjected to 
experimental tests. Birkeland [1] who was the originator of the theory 
tried to reproduce in the laboratory the condition as would exist when a 
solar beam of charged particles approaches the earth magnet. He constructed 
a large vacuum-chamber and placed in its centre an iron sphere surrounded 
by a magnetizing coil (Fig. 12). On exposing the sphere to cathode rays 
produced in the chamber, it was found that the cathode rays would strike 
the sphere only when a certain degree of magnetization and a certain 
velocity of the cathode rays were attained. In some experiments the cathode 
rays precipitated on the sphere — or the * Terrella ’ as it was caUed by Birke- 
land, in patches and in others in the form of spirals round the magnetic poles. 
Birkeland further demonstrated that in some ccises the cathode ray bundle 
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would go round the sphere and strike the Terrella on the night side. In 
Fig. 12 the concentration of the cathode rays round the magnetic pole is 



Fio. 12. Birkeland'a experimentB with ‘Terrella*. A magnetized sphere in a vacuum 
chamber is exposed to cathode rays. Note the dark toroidal space round the 
sphere within which the cathode rays cannot enter. 

clearly visible, as also the dark toroidal space surrounding the sphere which 
is forbidden for the cathode rays. 

In Birkeland’s experiments the cathode ray bundle was fairly wide and 
the emitting surface was also large. Bruche [25] repeated the experiments 
using thin narrow bundles of rays — 'thread rays’. The electrons had 
energy of 200 volts (8,400 km./sec.) and the pressure in the discharge tube 
0*001 mm. of Hg. Under such condition the positive ions formed along 
the path of the rays served, by electrostatic action, to check the dispersion 
of the electrons so that the rays maintained a small cross-section for length 
up to about 1 metre. The rays were self-luminous and were visible along 
their entire length of path. The most remarkable experiments of Brilche 
[26] are those in which some of the periodic orbits predicted by Stormer’s 
theory were reproduced (Fig. 13). 

Another important experimental verification is that regarding the 
effect of Stormer’s 'ring current’ in the magnetic equatorial plane. 
Theoretically, such a 'ring current’ would cause the zone of precipitation 
of the charged particles to move towards lower latitudes. Experimental 
verification of this is shown in Fig. 14. In (o) of this figure there is no 
current in the ring while in (6) it is energized by a current such that the 
direction of its field is opposed to that of the ' Termlla’. It will be noticed 
that in the latter case the zone of precipitation on the Terrella has shifted 
slightly equatorwards. 

Experiments similar to those of Birkeland and of Brfiche have also 
been performed by Malmfors [27] in connection with Alfv6ns theory of 
magnetic storms and auroras (see Sec. 6). 
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(!▼) AppUeationt to auroral ami magrutic storm phenomena . — ^The main 
nsolti of StOnner’s work— so &r as their appUoatitios to auroral phencanena 






(«) 


Flo. 13. Brttche’s experimental verification of periodio 
trajeotoriea— -(o) Oscillating path of the thread rays. 

calculated by Stfirmer. Path experi- 

mentally observed by Briiche. (h) Thread rays as used 
by Brttche. 


W 

and magnetic storms are concerned — ^may thus be summarized: Of the 
charged particles ejected from the sun by far the largest number is unable 
to reach the earth being deflected away by its magnetic field (Fig. 8). 
Those which reach the earth, do so only round the polar regions (Figs. 9 
and 10). These produce auroral displays and the polar magnetic storms by 
bombardment of the terrestrial atmosphere. The trajectories of the 
deflected particles are crowded round the magnetic equatorial plane at a 
great distance from the earth, comparable to the moon’s orbit. The 
motions of the charged particles in these trajectories constitute a giant ring 
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onmut round the earth and oanae the w<nrld*wide magnetio itonns. Thia 
ring onrrent also exerts a deflecting influence on the partiolee irhioh reach 
tiie earth, causing a small shift of the auroral belt towards lower latitodea. 



(«) (t) 

Fto. 14. Illustnkting the effect of aa equatorial ring current on the tone of precipifa* 
tion of charged particlea on a magnetized aphere. (a) Ring ia not energiaed. 
(b) Ring is energized hy current. Note that in the latter ease the sone of preci* 
pitation has shifted slightly equatorwards. (After BrOche.)- 

However, the fundamental objection to the Birkeland-Stfirmer thecnry, 
as first pointed out by Schuster, always remains. In the theory the stream 
consists of charged corpuscles of one sign only. But to produce the observed 
geomagnetic disturbances and auroras the number density of charged 
particles in the stream has to be so high that mutual electrostatic repulsion 
would disperse the particles in the stream long before they reach the earth. 

There is also another difficulty which, though not so fundamental as 
the above, is nevertheless quite serious. This is regarding the angular 
radius of the auroral zone maximum. From the analysis given above it 
easily follows that the charged particles coming from outside ace. mainly 
concentrated near the poles. The ma ximum equatorial extension of the 
point of precipitation is given by ^ as y'2a/0'. (1^ Chapter I, Sec. 6e). (ftp, 
therefore, is a function of the momentum of the particles. As is known 
to be about 25*, the momentum necessary for precipitation at this angular 
distance can be calculated. It ia, however, found that for the masse s of 
the likely particles (electron, H***, Ca*''), the required speed is either too 
large (electron, H'*’) or too small (Ca**"). That is, either the particles are so 
penetrating (electron, H***) that they ace not able to ionize the atmoqihere 
at the required level, or th^ axe so slow ( 00 +) tiuit th^ are unable to reach 
down to this level (viz. round 100 km.). To avoid tiiis difficulty StOnner, 
as mentioned abbve, postulated the existence of a ‘ring-current* in the 
equatorial plane at distance of sevend earth-radii. The effect of the 
magaetic field of ftus current was to produce equatorwards deflectim of the 
precipitating particles (Fig. 14). The existence of a ring-current, associated 
with magnetio storms, is also now generally recognized. Howty^, the 
intensity of the magnetio field of such current is too small to produce the 
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effeotaBsapposedbyStdnner. We shall see in See. 4 how the angular rauiius 
of the aunxal zone is explained by the neutral solar corpuscular stream 
theny. 


4. NEUTRAL SOLAR GORPUSGULAR STREAM THEORY 
(GEUlPMAN-FERRARO-MARTYN) 

(a) Introduction 

As already mentiemed, to obviate the Schusterian difficulty Lindemann 
(8] suggested that the solar stream may be electrically neutral consisting 
of charged corpuscles of opposite signs in equal numbers. A new difficulty, 
however, appears with this assumption. A neutral stream would, as a 
whole, suffer too little deflection in the earth’s magnetic field. It then 
becomes difficult to explain how the charged particles would concentrate 
in the regions round the magnetic poles of the earth to produce the auroral 
and magnetic disturbance phenomena. However, closer scrutiny shows 
that when the neutral beam invades the region of the earth’s magnetic 
field, the paths of the positive and the negative particles may become 
difforentiated through the action of the field. The Schust^an difficulty 
is then not crucial. In what follows we will describe two theories, one 
due to Chapman and Ferraro and as later extended by Martyn, and the 
other to Alfv4n based on the assumption that the son occasionally emits 
streams of charged particles of both signs so that the resulting beam is 
electrically neutnd. It appears that the Chapman-Ferraro-Martyn theory 
will be the surviving theory. 

(8) Chapman and Ferraro’s work 

From various considerations the approximate nature and properties 
of the neutral stream may be predicted. The vdocity with which the 
particles stream out of the son is of the order of 10* om./sec. At a distance 
from the son equal to the radios of the earth’s orbit, the density of the 
stream will lie between 2 x 10* and 20 ions per cm.* The vdocity (relative 
to the earth) of the lateral surface of the stream along the earth’s orbit 
will be about 0‘066 earth<radius per sec. 

If solar rotation be taken into account, then the beam will be found to 
have a curved form though the particles are emitted nearly radially from the 
active qiot of the son (see Fig. 2). The width of the stream will of course 
depend on the area of the spot but an approximate estimate may be made 
from the following considerations. It may be assumed that the magnetic 
field of the earth begins to be affected by the stream from a distance 
(perpendicular to the earth’s magnetic axis) where the field has a value 
0‘3y, and that the time during which the sphere of magnetic influence 
remains enveloped by the stream is a measure of the duration of the 
magnetic storm. The diameter of this sphere is about 100 earth-radii. If 
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the average duration of a storm is taken as a day, the diameter of the stream 
oomes out to be about 5,000 earth-radii. 

The effect of the terrestrial magnetic field on the neutral stream, as 
it laterally approaches the earth, may now be considered. For the sake of 
simplicity the stream may be assumed cylindrical and of circular section. 
The magnetic field will tend to deflect the ions and electrons in the stream 
differently and to separate them. But the^electric field set up by this 
separation will resist the tendency and the net result will only be a slight 
polarization of the stream. The means that there will be a surface charge- 
distribution and, in the case of the cylindrical stream under consideration, 
an electric field will be set up outside the stream in addition to the one inside. 
The external electric field will cause charges of either sign to escape from the 
surface of the stream, -the leakage being immediately made good from 
the body of the stream. However, the density of any such dispersing 
cloud of charges will be too small to exert any appreciable magnetic field. 
Further, though many of the escaped electrons will find their way to the 
polar regions guided by the earth’s magnetic lines of force, they will not be 
able (having velocities of the order 1 ,000 km./s. only) to penetrate sufficiently 
deep into the atmosphere. Hence, the polarized neutral beam, with 
induced surface charges escaping into space, will not produce any appreci- 
able auroral or geomagnetic effects. (It will, however, be seen in the next 
section that these phenomena, which are neglected as only of secondary 
importance, are precisely those on which Martyn bases his explanations of 
the auroral and geomagnetic effects by the Chapman-Ferraro theory.) 

But, as the stream advances into regions of gradually increasing 
magnetic intensity, other phenomena begin to appear which have direct 
bearing on the production of magnetic storms. Consider first the beam as 
rigid. Since the radius of the stream is assumed to be about 5,000 earth- 
radii, the surface of the stream, with reference to the earth, will appear 
as plane when it is a few tens of earth-radii from the earth. The approach 
of the beam may, therefore, be considered as the approach of a conducting 
plane (only slightly inclined to the plane containing the sun’s axis and the 
earth) into the field of the terrestrial magnetic dipole. The conductor 
moving in the variable field will cause electric currents to be produced 
within a thin surface layer, the effect of which will be to oppose the inter- 
penetration of the conductor by the external magnetic field. 

The magnetic effects of the induced current system may be represented, 
as those due to an image-dipole situated inside the stream, at the same 
perpendicular distance from the surface as the earth-dipole is outside. 
The effect of this image-dipole (i.e. of the field of the induced current system) 
would be to compress the lines of force of the eartU-dipole on the side near 
the stream (Fig. 15). The result would be an increase in the magnetic 
intensity round the earth which is characteristic of the first phase of the 
magnetic storm. 

It is possible to calculate without much difficulty the change of energy 
in the system due to the approach of the magnetic doublet near the plane 
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omiduotor. The magnetio field of the induced cuirents in the suifistee layer 
of the conductor will, be the same as that due to a mirror image of the 



Fzo. 16. Illustrating the mag- 
netio field due to the combined 
effect of the earth-dipole 
(arrow on the left) and the 
electric current system in- 
duced on the advancing plane 
conducting surface QQ of the 
neutral ionized stream. The 
magnetic effect of the latter 
(on the left o^ QQ) is the same 
as that due to the image 
doublet as riiown by the 
arrow on the right. (After 
Chapman.) 


terrestrial magnetio doublet produced inside the conductor. Thus the 
mechanical force between the conductor and the doublet is the same as 
that between the real doublet and the image doublet and is given by 


V 




where 2r is the distance between the two doublets and M the magnetio 
moment of each. The work done in bringing the image doublet from 
infinity to r is 



Fdr^ 


At a distance of v earth-radii (r n va) the work done, or the energy stored, 
is equal to 


since a, the radius of the earth » 6-37 x 10* cms. and JIf fan 8-6 x 10** O.6.S. 
e.m.u. 

Thus when the stream surface is at a distance of about 4 to 6 earth 
radii the increase of energy is the same as that of an av^age storm (10** 
ergs). The calculation is of course very approximate because the stream 
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has been taken as a conducting rigid body approadiing the eartii without 
any distortion, whereas, as will be seen presently, the surfitce of the stream 
is profoundly modified by the action of the field of the terrestrial magnetio 
doublet. The treatment, however, indicates how the approach of the 
conducting stream may be responsible for the increase of the horizontal 
magnetio intensity during the first phase of the storm. 

In order to explain the second or the main phase of magnetio strums 
the mechanical force acting between the induced cunent in the surface of 
the stream, which is no longer supposed to be rigid, and the magnetio field 
of the earth has to be considered. This force will tend to retard the motion 
towards the earth of the current bearing surface. The retarding force per 
unit surface area of the current layer is obviously proportional to the product 
of the tangential magnetio intensity, 3$ and the current density, i. Since 
the latter in its turn is approximately proportional to Hs and to liie normal 
velocity vjr of the surface, the retarding force is proportional to VitxBg. 
Or, since Hs varies as r-s it is proportional to v^xr-*. A little consi- 
deration will show that this retarding force in the inunediate neighbour- 


hood of the earth will distort the 
stream surface and produce a hollow 
the equatorial section of which wiU 
be roughly parabolic as shown in 
Fig. 16. 

As the stream advances into the 
magnetio field of the earth and the 
hollow develops, the positive ions 
and the electrons in the surface layer 
also advance with the stream and 
are defiected in opposite direotims 
by the magnetio field of the earth. 
The electrons and ions thus separated 
will produce positively and nega- 
tively charged layers on the walls ci 
tl^e hollow as shown in Fig. 17. The 
positively charged layer wUl be oppo- 
site the morning side of the earth 
(BB') and the negatively charged 
one on the evening side (GC'). Due 
to the electiio fidd thus xwoduoed 
the charges will tend to leap the gap 
between the walls of the hollow. The current circuit can, however, be 
completed only at a distance where the radius of gyration of the charged 
particle (mv/fle) is comparable to the breadth of the gap. Since at a^ 
distance the radius of gyration of ions is much greater than that of the 
electrons the current flow will consist mainly of ions. The electrons 
Will drift away under the influence of the crossed electric and magnetio 
fields. 



Fia. 16. Hlustratixig the fpnnation of a 
hollow space in an advaaoing corpuscular 
stream when nearing the ectrth magnet. 
The hollow is roughly of parabolic form. 
(After Chapman and Ferraro.) 
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A fesble ionio omrent leaping the gap at a great distance will build 
up stronger currents nearer the earth. This is because the magnetic field 

produced by the current is in a 
direction opposite to the terrestrial 
magnetic field on the side nearer 
the'earth. The terrestrial magnetic 
field is thus weakened and as a 
consequence the radius of gyration 
of the ions increases and facilitates 
the growth of the current across the 
gap. The current flowing across the 
gap may be completed through the 
main stream or may close upon 
itself and form an isolated current 
ring round the earth. In any case 
this ring current will produce world- 
wide depression of H, the main 
phase of the magnetic storms. 

In the above attempt has been 
17. Illustrating a later development made to explain only the initial and 
rf the hollow shown in Pig. l«. main phase of the magnetic 

the waU of hollow tend to leap ^ the other 

the gap along the curved paths. (After f®®'ture8 of magnetic disturbances 
Chapman and Ferraro.) and production of the auroral pheno- 

mena, Chapman [28] in a later 
review of the theory remarks that it may be supposed that some of the 
surface charges that leave the hollow (but do not bridge the gap and 
contribute to the ring current) may find their way to the earth’s atmosphere 
in high latitude^> perhaps with increased speed. During their passage to 
the earth the charged particles will be subject both to electrostatic and 
electromagnetic forces and these may jointly determine the position of 
the auroral zones as also the complicated features of auroral precipitation. 



(e) Extension of the Ghapman-Ferraro theory (Martyn) 

c 

(i) Introduction . — The Ghapman-Ferraro theory, as outlined above, has 
been extended by Martyn [12] in an attempt to explain the morphologies 
of magnetic storms, auroras, and the associated ionospheric variations. 
Martyn has made use of hydrodynamical analogies which suggest strongly 
that the neutral stream wilt completely enclose a hollow space surrounding 
the earth. (In this respect he departs from the Ghapman-Ferraro theory, in 
which there is a space extending to infinity behind the earth unfilled by the 
stttom). He considers the problem as akin to that of the steady state of 
motion of a fluid around a submerged obstacle, the pressure gradients in 
which are replaced by the body forces due to the interaction between 
electric currents in the stream and the earth’s magnetic field. According 
to these ideas the ring current round the hollow is simply a manifestation 
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of the forces which constram the stream to flow in a curved course round 
the walls of the hollow ( * forbidden’) space surrounding the earth. 

Starting with these ideas and making simple, plausible assumptions 
ICartyn flrst deduces the radius of the * forbidden’ space (about 6*5 earth 
radii) and then shows that the lines of force of the earth-dipole which touch 
this space in the equatorial plane will cut the earth’s surface at an angular 
distance of about 26^ from the poles. This result is significant, as this 
also is approximately the angular radius of the auroral zone: Charged 
particles ejected from the region of the ring current will bombard the earth’s 
atmosphere in the auroral zone. Martyn also shows that these particles 
have sufficient energy to penetrate to auroral levels. A brief account of 
Martyn’s work is now given. 

(ii) EstimcUion of the size of the hollow and the number density of the 
particles in the solar stream . — ^This can be made from a consideration of the 
magnitude of the rise in H during the initial phase of a magnetic storm, when 
the neutral stream is invading the region of the earth’s magnetic field. 
As already explained, the magnetic effect of the current system induced on 
the conducting surface (nearly plane for the portions near the earth) of the 
stream may be represented as that due to an image-dipole inside the stream 
(see Fig. 16). If z be the distance of the earth-dipole from the surface of 
the stream, then the distance between the earth-dipole and its image is 
2z. Hence, taking the average rise in H at the surface of the earth to be 
25y above its mean value (0*33 gauss) we have 

0*33/(22)* ss 25 X 10“*, or, z = 5*5 earth radii. 


To estimate the number-density i\r of the particles (moving with velo- 
city u) we first make another estimate of the dimension of the hollow which 
involves N . We make the justifiable assumption that the pressure exerted 
by the solar stream (i.e. the energy density of the stream } Nmu^) is equal to 
the pressure of the lines of magnetic force at the surface of the hollow (i.e. 
H^/Stt). Since the intensity of the terrestrial field at distance z is O-SSIz^, 
we have 


^Nmu^ 


(0-33)* 

8ir2* ’ 


or, 2 


(i 


0-2 
J^Nmuy 


( 1 ) 


The size of the hollow is thus seen to vary little with the number- 
density N or the mass of the particles comprising the solar stream. If ti 
is taken as 1,000 km./s. and m that of the hydrogen atom, then 

If we put 2 &= 5*5 earth-radii as deduced above we get the value of N 
to be 20. 

(iii) Angular radius of the auroral zone . — Consider the lines of force of 
the earth-dipole which touch the hollow in the equatorial plane. The 
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a ng ula r distance (ffi) from the pole (co-latitude) of the points where thqr 
cut the surface of the earth is given by 



Thus 0i 8BX 26^. This is nearly the angular'radius of the auroral zone. The 
bearing of this will be discussed presently. 

(iv) The ring-current and its cross-section , — ^The flow of the solar stream, 
on the lateral inside surface of the hollow near the equatorial plane, is in 
a roughly circular path of radius f ( = 6'6 earth-radii). According 
to Chapman and Ferraro a radial polarization field E (directed inside the 
stream from the surface) is necessary for the stability of the flow in this 
curved path. If u^ be the velocity (taken positive when westward) of the 
ions then the resultant force due to the polarization field E and the magnetic 
field H is eE^euJI, Equating this with the centrifugal force we have 

= eEsViH. 

Similarly, if be the velocity of the electrons (again taken as positive 
when moving westward) 

^eE+eu^H, 

Adding the two sets 

ss =» reH{u^^u^) ( 2 ) 

Thus (though, as Chapman and Ferraro have shown, t/|— wj. 

Hence, a westward electric current is necessary on both sides of the earth 
to allow the solar stream to flow in a curved path. A ‘current-carry- 
ing-ring’ is thus formed round the earth-dipole in the equatorial plane. 
For stability the ‘ring* will be radially polarized. 

If A be the (mean) cross-section of this *ring*, then the magnitude of 
the current is given by 

%^Ne(u^^uf)A (3) 

This ring-current will produce a (negative) field at the earth of magnitude 
AH given by 

ah = 2nilr (4) 

Combining Eqs. (1), (2), (3) and (4) we get 

A = 225a2AH/0-33. 

If we take z ss 5-6 and AH 50y as the observed average decrease in H 
in the main phase of a magnetic storm, we have 

A = 15a* 

If, for simplicity, we assume the cross-section to be circular of radius ft, 
then irft* = 15a*, or, ft s; 2a, i.e. the radius of the cross-section of the ring 
is about twice that of the earth. This ring-current, which is a necessary 
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accompaniment of the steady state of the flow of the solar stream past the 
earth-dipole, remains, by virtue of its electrokinetio momentum, long 
after the stream has ceased to flow. (The stream flows only for about one 
or two days.) 

(v) Width of the auroral zone . — ^It has already been said that the auroral 
zone on the earth is connected with the ring-current by the magnetic lines 
of force. It is foimd that the width (S0i) of the annular terrestrial zone 
cut by all the lines of force which pass through the current-ring (of width 
hr in the equatorial plane) is equal to the observed width of the auroral 
zone. From the geometry of the dipole field we have 


Sr == 


2a cos Oj 
sin8 


801 . 


Taking Sr = 26 = 4a = 2*6 X 10® cm., we get S0i = 6 ®. This is approxi- 
mately the observed width of the auroral zone. 

(vi) Production of auroral phenomena . — ^The immediate source of the 
high energy charged particles which cause auroral phenomena is the ring- 
current. 

As already mentioned, for the stability of the ring, there will be radial 
polarization field between its inner and outer edges. The polarization on 
the surface of the ring is, however, (as shown by Chapman and Ferraro) 
unstable — charges of either sign being ejected from the surface along 
the lines of force. As the magnitude of the polarization field is of the 
order uH, (10® e.m.u.), the expellent force is comparable with (but less than) 
euH. The ejected particles have thus been impelled by an electric field 
of the order 10*® volt /cm. extending over a distance of the order two earth- 
radii or 10® cm. Hence, when they reach the earth’s atmosphere, after 
travelling along the guiding paths provided by the terrestrial magnetic 
lines of force, they will have sufficient penetrating power to produce the 
auroral phenomena (luminescence) and also to enhance the ionization and 
conductivity in the ionosphere, specially in the lowest regions. 

(vii) The 8 d current system . — ^From the preceding paragraph we see 
that the flow of the charged particles will produce closed systems of current 
sheets as follows: From the ring-current to the auroral zones (along the 
conducting paths provided by the lines of force), across the auroral zone 
(at about 90 km. level) and then back to the ring. This current is large, 
but since it flows in closed sheets above the ground it has small 
direct terrestrial magnetic influence. 

However, since the inner and outer edges of the auroral zone are 
bombarded by particles of opposite signs (as the inner and outer edges of 
the ring-current, from which these particles are derived, are oppositely 
charged) there will be a potential difference between the two edges of the 
zone. According to calculations, the magnitude of this potential difference 
is somewhat greater than 10® volts, so that there is a meridional field of 
about 10“® volt/cm, across the auroral belt. But, in the auroral belt 
there is also a nearly vertical magnetic field. Hence, under the influence 
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of this crossed deotrio and magnetio field, the ions in the auroral belt 
will drift at rig^t angles to both, die drift pelooity being 

Ea w* , ( He\ 

is the ionic gyro-frequency and v the iome collision frequmcy. 

Now, in the main phase of the storm, matter is streaming past the . 
forbidden space, westward on the morning side and eastward on the evening 
side. The resulting polarization field in the 'ring* will be * transferred * to 
the auroral zone in such a way that the ions there will drift from the day- 
light to its dark side under the combined action of this transferred field 
and the local nearly vertical magnetic field. 

If the positive and negative ions had the same mass and collision 
firequency this would result merely in a transfer of ionized air firom the day 
to the night side of the zone. However, it is highly improbable that both 
kinds of ions have the same mobility. If the positives drift some 10-30% 
faster than the negatives then the observed magnetio and ionospheric 
disturbance variations can be readily explained. In these circumstances 
a Hall current of some half-million amperes will fiow round the auroral 
zone, westward on the dawn and eastward on the sunset sides. This 
current must set up a positive polarization over the dark and a negative 
polarization over the sunlit side. This polarizaticm field is communicated 
firom the highly conducting auroral zone to the poorer conducting regions 
over the rest of the earth. The form and magnitude of the resulting world- 
wide (and polar cap), current systems is that required to explain tiie So 
magnetio variations. The associated vertical electron drifts seem adequate 
to account for the disturbance variations in the ,F’ 2 -region of the ionosphere, 
la the later stages of the storm, when the solar stream has ceased to flow 
the mass momentum of material in the ring is directed westwards all 
round the ring. The polarization field ' transferred ' from the ring to tiie 
auroral zone now causes ions to drift westwards all round the zone. This 
now produces (the positive ions moving fastw) a local westward (Hall) 
current in all parts of the auroral zone, but no polarization field can be 
developed by this current: thus the 8d variation dies away, leaving only the 
world-wide Dk field from the ring current, and a localized field in the 
auroral zone. 

(viii) OiAer effects — Condnding remarks , — ^It has bera indicated by 
Martyn how the theory may explain the * bay* magnetio disturbances and 
also (since, according to tiie theory, the So current system flows in the 
ionosphere) the effects as observed in the J’ 2 -region during magnetio 
disturbances, which cannot be accounted for in terms of direct bombardment 
by solar particles. 

The Chapman-Ferraro-Martyn theory of auroral and magnetio 
disturbance phenomena as sketched above is still in the formative stage. 
The theory, however, is soundly based, and, when fully worked out, may be 
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expected to present a complete picture of the mechanism of the muxval and 
magnetic disturbance phenomena and of the associated ionospheric effects. 

5. NEUTRAL SOLAR CORPUSCULAR STREAM THEORY (Contd.) 

(ALFVAN) 

(а) bitroductlon 

In Sec. 2(b) we have seen how, according to AJfrbu, neutral ionized 
streams, laterallj polarized, may be emitted from the sun. The associated 
polarization electric field is of fimdamental importance in Alfv4n’s theory. 
We consider the special case in which the magnetic equatorial planes of the 
Sim and the earth coincide and the particles are moving in this plane. 

The widtii of the polarized solar stream is many times the diameter of 
the earth. (It is to be remembered that the linear dimension of a disturbed 
region in the sun, e.g. a sunspot, is many times that of the earth). We 
are thus required to investigate the motion of charged particles of the 
stream under the infiuence of the constant electric field of the stream (the 
linear extent of which is many times that of the dipole-field of the earth) 
and the magnetic dipole field of the earth (which is totally enclosed in the 
above). 

(б) Motion of the stream In the magnetic field of the earth 

As already indicated [Sec. 2(6)] the speed of the particles and the 
polarization characteristics of this wide stream at the distance of the earth’s 
orbit from the sun are controlled by the value of Uie sun’s magnetic field 
at this distance. It is found that partidles of initial energy 10* eV, will 
have, at this distance, (according to the relation V = hH) energy of 1000 eV; 
the polarization electric field will be of the order 10~s volt/cm. ; the number- 
density of the particles (estimated from certain considwations) is found 
to be quite small, 10~* particle/cm.* 

As the particles enter the terrestrial fidd, the forward motion, because 
of the increase in AT, is retarded according to the relation u = cFjH. The 
inhomogeneous magnetic field of the earth causes inhomogeneity drift, 
driving the negatives and positives spiralling eastward and westward 
respectively. Since the motions are in the directions in which the electric 
force is acting there is'an increase in the energy of the particles. This 
process of energy increase of the particles on entry into the earth’s field 
is reverse of the process of energy decrease on emergence from the solar 
field [see Sec. 2(6)]. 

The path of the drift motion of a particle in the equatorial plane is 
now easily calculated. In Fig. 18 are shown the di;^ paths of an original^ 
parallel stream of electrons coming firom the sun. It will be seen that 
there is a forbidden region round the earth-dipole (at the centre of the 
figure) within which the electrons do not enter. Further, the paths on the 
morning side (right) and on the evening side (left) are not symmetrically 
disposed with respect to each other. The paths on the evening side are 
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mote otowded and approach closer to- the dipde than those on the motninj^ 
aide. (Note: The electrons advance along the drift paths spiralling connd 



Fie. 18. niuatrating aooording to the theory of AIfv8n the drift paths of aa originally 
parallel stream of electrons coming from the sun and invading the field of the 
earth-dipole. [JCrhUim, In the figure, for aeo (on the s-axis), read oi^.] 

the magnetic lines of force, which run perpendicular to the plane of the 
paper. This is npt shown in the figure.) 

To calculate the path of an electron let the X-axia be in the direction 
of the dectric field F and the 7-axis point towards the sun (see Fig. 18) and 
the origin be at the earth-dipole. The energy of the electroa at a point 
(*, y) is given by 

F = F{xo~x), 

where is a constant giving the position of the electron relative to the 
7-azis when it is at a very great distance from the dipole. The intensity of 
the magnetic field H at (x, y) is 

N-o(»«-|.y*)‘*, 

where a is the dipole moment of the earth. Oombining these two relations 
with the condition V tm kH yre obtain the expression for the drift path of 
the electron characterized by the constant Xq in tiie earth's magnetic field: 

xq—x mt L*lr* 

where L m {kajF)^ 

and f » (**+y*)*. 
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It is seen fiom the fignre that the stream of particles is divided into two 
branches, one passing by the morning side (xo>Xi>) and the other by the 
evening side (xo<»i)) where xjd is equal to 1‘76 Z. The closest abroach 
of the mcnning branch x, is 1 *32 ii and that the evening branch x. is — 0*74 
Z. Between the two branches there is a forbidden region bounded by the 
dashed line in the figure. The size of this region is evidently determined 
by the value of Z, which, in its turn, dq)ends of h, F and o. 

The drift patl^ of the positive particles, if they are of the same mass 
as the electrons, are just the mirror images of those of the electrons, there 
being crowding and closer approach to the dipole on the morning instead 
of on the evening side. For heavier particles, the curves are, however, 

* diminished* in size. It can be shown that the forbidden regicm fior such 
particles (for all reasonable values of mass and energy) lies entirely within 
that for electrons. It, therefore, follows that the dectrons and positive 
ions in the portion of the neutral polarized solar stream as invade the 
dipole field of the earth, so divide themselves in their forward motion that 
a positive apace charge (inside the electron-forbidden hollow) is formed 
on the morning side and a negative space charge (because the electrons are 
deprived of their positive companions) on the evening side. 

(tf) Magnetic disturbance and auroral phenomena 

We can now follow the sequence of events described above to see how 
they may produce the main features of the magnetic disturbance and the 
auroral phenomena. 

As the stream approaches the terrestrial magnetic field and as the 
positives and the negatives become differentiated and the stream losea- 
its neutral character, magnetic effects begin to be felt on the earth. This 
is the beginning or the sudden commencement stage of a magnetio storm. 
As the stream invades deeper into the magnetic field with the electrons 
sweeping round the earth in the equatorial plane (in the eastward direction) 
we have the initial phase of the storm. When the forbidden region is fully 
formed, the motions of the particles become more stabilized and begin to 
give a maximum disturbance of the. magnetic field at the earth. We 
now have the main phase of the storm. From Fig. 18 it is seen that the 
paths of the electrons (symmetrical about the 06* — 18* line) form a sort 
of ring current — ^rather eccentric — ^in the equatorial plane in the westward 
direction. This part of the current system is responsible for the main 
part of the world-wide equatorial disturbance. 

The x>ositives differentiated from the negatives invade the negative- 
forbiddra region and produce positive space charge near the boundary on 
the day side. The negatives going to the night aide, being deprived of 
the neutralizing positives, produce negative space charge on the night 
aide. These two space charges are coimected with the earth round the poles 
by the magnetio lines of force which provide highly conducting paths 
(see Sec. 3). Hence, the two space charges neutralize themselves by being 
transported to the top of the atmospheres round the poles and discharging 
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thamsdres partly along the aoiotal zone and partly alcmg the polar cap. 
The omrent q^stem so produced causes the polar magnetio distnrhances. 
The auroral zone may obvioudy be identified uritih the *projeotioii-line*, 
i.e., the line which is a projection on the upper atmoq>here of l^e boundary 
of die negatiTe-forbidden region along the magnetic lines of force. 

The aurcoal phenomena are produced by bombardment of air mdecules 
by deotrons coming down from above along the lines of force. 

Fig. 10, constmcted by Cowling [29] from Alfvdi'B description, depicts 
the main features of the theory for the region round the eartii. 



Fid. 10. A perspective drawing showing according to the theory of Alfvdn, the paths 
of ions sod electrons of the neutral solar stream as they invsde the esrth-magnet. 
Only the paths of the chaiges reaching the north auroral sons are idiown for 
simidioity. The thick end the thin dadies indicate the paths of the ions and 
electrons req)ectively. g - -earth; cunre A— north auroral sone; — ^ions and 

electrons approaching earth in equatorial plane; CDC'!/— boundary of forbidden 
region; OF and C'JT are boundaries of* shadow’ of earth where no ions are present 
(Illustrated>after Oowling.) 

Alfven hag also subjected his theory to quantitative tests and has 
shown that most of the detailed features of auroral and terrestrial magnetio 
disturbance phenomena may be deduced as consequences of this theory. 
For example, the normal polar distance of the auroral zone is of the same 
order as that of the average of the projection-curve. Further, from the 
theoretical expression for the size of the auroral curve, it is found that the 
distance varies at the eighth root of kaJF. Hence k and F can vary (as 
they naturally will) over wide ranges without affecting the polar distance 
greatly. 

Amongst other features that are explained are, occurrence of the more 
brilliant auroras before midnight, the diurnal variation of the auroral 
frequency curve (two maxima; see Fig. 8, Chapter VIII), the fact that the 
currents producing the polar disturbances flow eastward in the afternoon 
side and westward in the morning mde and the directions of the auroral 
arcs at different times of the day. 
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Further, experiments similar to those of Birkeland and BrQche hare 
been performed by Malmfors to test the theory [27]. A magnetized sted 
sphere ( ‘ Terrella’) representing the earth was placed in a Taciiiim chamber 
(0*01-0*001 mm. Hg) and an electric field to represent the polarization 
field in the ionized stream was applied. The * Terrella’ was covered with a 
fluorescent powder. On introducing the ionized particles of the stream 
eccentric luminous rings were produced round the poles. According to 
Malmfors if the rings are scaled up to dimensions as found in Nature, then 
they would correspond, even quantitatively, with the auroral zones. 

(d') Criticisms of the theory 

The whole of Alfv6n*s theory is, of course, based on the effect of the 
supposed general magnetic field of the sun. Hence if this field is non- 
existent, (as is now believed [17]), there is no basis for the theory. 

Apart from the above, the proposed behaviour of the particles of the 
neutral ionized stream, on entering the earth’s magnetic field, has been 
subjected to criticisms by Cowling [29] and by Chapman [30]. According 
to Cowling the electrostatic field of the space and surface charge distributions 
as would be produced by the supposed motions of the charged particles, 
would radically alter these motions and, thus, destroy the apparent agree- 
ments with observations. Cowling concludes ' that diamagnetic repulsion 
prevents the particles from reaching the earth’s atmosphere, and that 
electrostatic forces prevent more than a slight separation of ions from 
electrons. It seems that a stream of ionized particles can reach the earth 
only if either the particles possess such large energies that we cannot 
divide their motion roughly into a spiral motion along a line of force and a 
relatively slow drift across the lines of force, or if the stream is so dense 
that the leading particles are able to shield the body of the stream firom 
diamagnetic repulsion’ (fee. cU., p. 212). 

Ferraro and Chapman also come to a similar conclusion from a 
consideration of the ‘terrestrial’ part of the theory. Alfv4n’s inpulsion 
process of the solar stream (assuming that there is a general magnetic 
field of the sun) has also been examined by Chapman. According to 
Chapman [30] ‘before the stream reached a distance of 10 solar-radii from 
the sun, the lateral drift would have completely separated the positive 
and negative charges, which would be quickly dispersed. Thus a stream 
of the supposed kind could not reach tiie earth.’ 

6. ULTRAVIOLET LIGHT THEORY 
(PAULSEN-HULBURT-MARIS) 

The interesting suggestion that auroral phenomena and geomagnetic 
disturbances may be caused by charged corpuscles, not of solar but of 
terrestrial origin produced by the action of ultraviolet rays of the sun on 
the upper atmosphere, seems to have been first made by Paulsen [31, 32]. 
A bold attempt has been made by Hulburt and Maris to build a 
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complete theory of aurorae and magnetio storms ronnd this idea. The 
theory has, however, been modified more than once in view of critidsma 
made by Chapman and is stfil open to grave objections. Nevertheless, the 
theory contains many stimulating and interesting ideas and a brief aocoont 
of it is given below. 

The thecoy as originally proposed b^rHulbort [33] assumed that the 
molecules in the rarefied atmosphere above 200 km. are ionized by the 
solar rays and .the ion pairs thus formed are guided by the lines of force 
of the earth’s magnetio field towards the poles. The ions — ^positive and 
negative— formed in the northern hemisphere go towards the north pole 
and those formed in the southern hemisphere go towards the south pole. 
It was pointed out, however, by Chapman [34] that the magnetic lines of 
force, even at heights of 1,000 km. above the equator, meet the surfisce of 
the earth at magnetio latitude of about 20*. Hence the charged particles 
which are guided by the lines of force cannot reach the auroral belts, In 
fact, the lines of force which meet the earth in auroral latitudes (about 66*) 
pass tens of thousands of kilometres above the equator. The density of 
the atmosphere at such high levels being quite inappreciable, the theory 
in its original form had to be discarded. The subject was, however, further 
pursued in a series of papers by Maris and Hulburt [36, 36, 37] and a modified 
theory was put forward. 

The essentials of this new theory are as follows. The exosphere or 
the firinge region of the atmosphere [Chapter I, Sec. 6(e)] where the 
atmospheric particles experience negligible collisions and dance up and 
down by receiving impacts from the dense atmosphere below, is assumed 
to extend from above 300-400 km. The number of molecules in the 
exosphere is estimated to be 10^* molecules per square cm. column and 
they experience 10^^ impacts per second with the molecules in the denser 
region (300-400 km.) below. ' Assuming a temperature of 1,000*K in this 
latter region the velocities imparted to the particles are found to be of the 
order of 1*7 km./seo. These velocities take the particles to heights of 
2,000 to 3,000 km. In order that the particles may rise to heights of 40,000 
to 60,000 km. — the heights to which the magnetic lines of force meeting 
the earth at the auroral belt rise above the equator — ^it is assumed that the 
atmosihere at 800-400 km. level contains excited molecules and that one 
,in a ndllion of the lOts impacts per second which the molecules in the fringe 
region experience (with the- molecules in the 300-400 km. level) is of a 
superelastic kind. Justification is sought for this assumption on the ground 
that many lines or bands of aurora and of night air>glow originate from 
metastable levels ot O and of Nf. Thus tiie 10** collisimis per second 
produce 10* high speed particles per second. Of these, one half fiy down- 
ward and are lost in the dense atmosphere below and the other half fiy 
upwards. If toe velocity is assumed to be 10 km./aec. ot more the particles 
will attain heights of 30,000 to 60,000 km. in 3 hours. 

The next step in the theory is to consider the ionization of toese high 
4ying particles. It is toown that the juobability of ionization is such that 

SIB 
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tile paitioles are ionized after they have reached the t(^nnost parts of their 
tiajeotoiies. This is necessary as otherwise if they are ionized while on 
tiieir way np, the ions formed would be deflected down by the earth’s field. 
The ion pairs formed at the top (30,000-60,000 km.) are then guided to- 
w;ards the polar regions spiralling round the lines of force and take 
6 to 14 hours to fall into the 26** zone round the magnetic poles where they 
give rise to the auroral phmiomena. Since the ions are supposed to be 
carried round by the lines of force, those formed during noon drop to the 
polar regions at 9 p.m. or later and produce the auroral phenomena. 

Great magnetic storms and associated auroral displays are attributed 
to sudden outbursts of ultraviolet radiation from the sun. The assumption 
undoubtedly receives support from the phenomenon of radio fade-out 
[Chapter VI, Sec. 13(d)]. In regard to the mechanism of such emissions 
Maris mid Hulburt consider the following: — ‘Imagine that by some 
unknown process a part, say l/10,000th of the solar surface, is removed 
and the interior at a temperature of, say, 30,000*’K is exposed to emit black 
body radiation. The total solar radiation is then increased by 63 per cent. 
This increase, however, is not uniformly- distributed over the entire wave- 
length range but is enormously concentrated in the extreme ultraviolet. 
While the solar constant is increased by 1 per cent only, the energy in the 
wavelength ranges A 600 to A 1 ,000 is increased 10* times. 

The intense blast of ultraviolet radiation causes a sudden increase in 
the ionization and, according to the authors [38] of the theory ‘ the first 
phase of the average world-wide magnetic storm is attributed to the sudden 
increase in the eastward ion drift current which girdles the earth caused by 
an increase in the long free path ions produced by a solar ultraviolet fiare. 
The second phase of the storm comes about from the heating of the h%h 
atmosphere by the flare. The atmosphere expands and the outward 
movement of the iom'zed regions across the earth’s magnetic field gives rise 
to a westward current in the high atmosphere fiowing around the earth. 
The movement also decreases the long free path ions and increases the short 
free path ions; this prolongs the westward current.’ 

As already mmitioned the theory is open to many objections. Some 
of these are discussed below. 

It has been shown. [39] that no super-elastic collision process can be 
envisaged in the 300-400 km. region by which particles with speed high 
enough to shoot up to 30,000-60,000 km. can be produced. The greatest 
heights attained by such particles are 9,600 km. to 14,000 km. And, for 
reasons already mentioned, ions formed at such heights cannot be guided 
by the lines of force to fall into the auroral belt. 

According to Ta-Tou Wu [40] the time taken for ionization of the 
upgoing particles by the solar ultraviolet rays is not 3 hours as assumed 
by Maxis and Hulburt, but thousand times or more than that. 

A fundamental dMculty has been pointed out by Chapman. He 
draws attention to tire fiMt that sinoe terrestrial magnetic field does not 
increase tiie energy of the particles, the velocity of the ions is the same as 
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that assumed at the starting point, namely about 10*5 km./sec. This speed 
is totally inadequate for penetration of the particles into the dense atmo- 
sphere down to the auroral levels. 

For explaining the 27 -day recurrence tendency of magnetic storms it 
is necessary to assume that the solar outbursts send out the ultraviolet 
radiation in the form of narrow beam. It is, however, difficult to imagine 
how a bright patch on the sun’s surface would send out a narrow beam instead 
of a wide angle flare. One has to suppose that the radiation comes out 
of deep holes or is in some way focussed so as to be in the form of a beam. 
In order to avoid this difficulty Hulburt postulates that the ultraviolet 
emissions may come out as wide angle puffs. And, to account for the 
recurrence tendency the ad hoc assumption is made that the flare puffs 
out periodically with a recurrence period of 27 days due to pulsations of 
some sort. 

Observations on the simultaneity of radio fade-out, incidence of 
geomagnetic disturbance and appearance of bright solar patches [Chapter 
VI, Sec. 13(d)] also go against the ultraviolet light theory. It has been 
shown by McNish [41] that the magnetic disturbance is not of the 
storm type, but is merely an enhanced dynamo effect — i.e., an enhance- 
ment of the quiet day current system (Sq) due to increased conductivity 
of the ionospheric regions produced by intensification of ionization. 

Besides the above, the explanations of the other features of terrestrial 
magnetic variations and of auroral phenomena offered by Maris and Hulburt 
on the basis of their ultraviolet light theory have been subjected to serious 
criticisms by Chapman. For details the reader is referred to the original 
papers. (An interesting account of the theory and the objections to it 
are to be found in Chapter XXV of Oeomagnetism by Chapman and 
Bartels.) 



CHAPTER X 


LIGHTS FROM THE NIGHT SKY 
1. INTRODUCTION 

To a casual observer the only light received in a dark moonless night, 
in an open field away from city lights, appears to be that coming from 
the stars. Measurements show that under such conditions the intensity of 
illumination near the ground is, on the average, equal to that produced by a 
small surface held normally to the rays of a standard candle placed at a 
distance of 57 metres [1]. (The word ‘average’ is used advisedly because, 
as will be presently seen, the intensity is strongly variable. See for instance 
references [2, 3].) Assuming that this light is received from the stars alone, 
this would be equivalent to a uniform distribution of 0*045 star of photo- 
graphic magnitude unity for every square degree. Careful computations 
show, however, that the total light sent out by all the stars both telescopic 
and observable in the polar region is equivalent to that received from a 
uniform distribution of only 0*009 star of photographic magnitude unity 
for every square degree of the sky [4]. 

It is thus obvious that the portions of the sky which are entirely devoid 
of stars must be continually sending out light and contributing to the 
major portion of the illumination observed in a moonless night. Investiga- 
tions have shown that this light from the night sky is composed of lights 
from various sources. In the first place, there is the luminosity of the sky 
due to scattering of star light by the air molecules in the same way as the 
scattering of sunlight during daytime to which the blue of the sky is due. 
Secondly, the sky is illuminated by the zodiacal light about which we 
shall speak in greater detail later. Thirdly, there is the so-called galactic 
light which is due to the scattering of light of nebulae and of stars by the 
diffuse matter in the interstellar space. Fourthly, there is the light due to 
the self-luminescence of the upper atmospheric gases or the *air-glow\ 
This is the most important of all the sources of the light and will form the 
main subject-matter of this Chapter. The light is also sometimes called 
permanent aurora because of some common features between the spectrum 
of this light and that of the polar aurora [see Chapter VIII, See. 6a]. The 
adjective ‘permanent’ is used since, unlike the polar aurora which shines 
only occasionally, the ‘air-glow’ is permanently present. (Note: The useful 
word ‘air-glow ’ is due to Elvey [5].) , 

Finally, to complete the list, there is luminosity lue to scattering by 
the atmosphere of the light from all the above sources (the scattering of 
star light has already been mentioned). 

The various sources and the average percentage of their contributions 
in the visible region are enumerated in Table I. 
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Table I 

Star light, direct and scattered . . . . . . 30 per cent. 

Zodiacal light .. .. .. . . 16 ,, 

Galactic light . . . . . . . . 6 „ 

Luminescence of the night sky (Air*glow) . . 40 ,, 

Scattered light from the last three sources . . . 10 ,, 

Of the relative intensities of the different sources given in Table 1, 
those due to the zodiacal light and to the night air-glow are subject 
to considerable fluctuations. The flgures in Table I give only the average 
distribution. 

Before discussing the night air-glow, which, as already mentioned, 
is the most important of the night sky radiations, we will describe the 
zodiacal light and the galactic light. 

2. ZODIACAL LIGHT AND GEGENSGHEIN 
(a) 2^diacal light 

(i) General characteriatica , — On clear moonless evenings a tongue or 
cone of faint light is often seen to rise above the horizon in the west after 
the disappearance of the twilight (Fig. 1). The phenomenon appears 



Fio. 1. Zodiacal light. (Photograph by Rudaux, taken on April 26, 1913.) 


distinctly in middle and lower latitudes. The colour of the light cone is 
reddish yellow to white ; its intensity is comparable to that of the milky 
way, being brighter near the base and growing fainter at higher altitudes. 
The main portion of the light pyramid lies in the zodiacal belt; hence the 
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name zodiacal light. The base of the cone extends on the horizon 15^ 
to 20^ on either side of the point of intersection of the ecliptic with the 
horizon. Upwaids, it rises 50^ to 60'' from the base. A similar cone of 
light is also seen in the east before the incidence of the first morning rays. 
The former is called the west zodiacal light and the latter, the east zodiacal 
light. 

The pyramid stands erect on the horizon when the zodiacal belt cuts 
the horizon perpendicularly. This occurs during the equinoxes in the 
tropics — ^in the evening for the spring equinox and in the morning for the 
autumnal equinox. In the equatorial regions the ecliptic always stands 
more or less erect, being more specially so at sunrise and sunset hours during 
the solstices. Observed from higher latitudes the zodiacal j^yramid is 
inclined to the horizon as is the zodiacal belt, and the inclination varies 
according to the season and the hour of observation [Figs. 2(a) and 2(6)]. 






Fio. 2. Illustrating how tho zodiacal pyramid tends to stand erect on tho horizon 
as the ecliptic does so. Tho light axis does not in general coincide with the 
ecliptic. It does so only when tho ecliptic stands perpendicularly to the horizon. 
Fig. 2(o) depicts the light pyramid as was observed from lat. 0® 14' N., long. 6® 4' W. 
(Atlantic Ocean) on December, 1931, at 20 hrs. Fig. 2(b) is as observed from 
lat. 47® 21' N., long. 9® 6' E. (Oborholfenswil, Germany) on December, 1922* 
23 hrs. 30 mins. (Both the drawings are after Schmid.) 

As the sun sinks below the horizon the pyramid sinks with it but the 
light is usually discernible on the horizon till the angular distance of the 
sun reaches 90". In low latitudes and in very clear weather, the zodiacal 
light may be seen to extend up to 180° from the sun. The west and the 
east zodiacal lights then join together forming a continuous bridge of light 
close to the zodiacal belt. This is called the zodiacal hand. Its width and 
brightness decrease with angular distance from the sun. At 00° it may be 
about 20° wide and at 150° about 10°. 



488 


UPPER ATMOSPHERE 


OHAP. X 


AooordiBg to some authors the zodiacal light really extends over 
the whole sky though, of ooun^e, it is strongest along the light bridge in the 
zodiacal belt. Such extension of zodiacal light can be observed only from 
fairly high altitudes when the atmosphere is quite free from pollution. 

The following description of the changes of zodiacal light in course of a 
year in moderately high latitudes is taken from Schmidt who has made a 
careful study of the phenomenon [6]: ‘The west zodiacal light begins to 
appear by the end of September and in November fully develops the 
character of zodiacal light. The cone of light rises out of the south-west 
horizon as the ecliptic rises and it reaches the highest point in the month of 
January. It then sinks gradually and is lost in the summer night glow in 
the month of May. The sky is free from zodiacal light in the month of June. 
By the end of July we see the first appearance of morning zodiacal light 
shortly after midnight. At the beginning the cone of light is strongly 
inclined to the horizon like the ecliptic. With the approach of autumn the 
inclination gradually changes and in the month of November the cone of 
light becomes almost vertical. It then begins to incline more and more 
towards the south with increasing inclination of the ecliptic and disappears 
in the south-eastern sky towards the middle of March.’ (For general 
descriptions of zodiacal light, see references [6, 7, 8].) 

Though the main portion of the light pyramid lies in the zodiacal belt, 
the axis of the pyramid does not in general coincide with the ecliptic. It 
does so only when the ecliptic stands erect on the horizon, that is, when 
the observer is situated in the plane of the ecliptic. For inclined position 
of the ecliptic, the light axis is deviated from it; the greater the inclination 
the greater is the deviation. Observed from northern latitudes the deviation 
is to the north and from southern latitudes to the south. 

According to Schmidt, the change in the position of the light axis with 
reference to the ecliptic may also be observed in course of a single night 
because, in general, the motion of the observer due to diurnal motion of the 
earth on its axis, transports him towards or away from the plane of the 
ecliptic. Under favourable conditions, as for instance, when the west 



Fzo. 3. Illustrating how the position of the light axis changes in course of a single 
night. Observations made at Oberhelfenswil (47® 21' N., 9® 6' E.) on 9 Jan., 1934. 
Fig. (a) for 19 hrs., (6) for 22 hrs., and (e) for 24 hrs. (After Schmidt.) 
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zodiacal light is observed from high northern latitudes in winter months, 
the change of position of the light pyramid (against the starry background) 
might be considerable in course of a few hours (Fig. 3). The whole light 
cone not only tends to stand erect with the progress of night (as the zodiacal 
belt does so) but also appears to move sideways, so that the light axis which 
was originally to the right of the ecliptic crosses over slightly to the left 
[9]. These movements of the zodiacal light are called its nightly motion. 
(It is to be mentioned, however, that Hofimeister [22] who has made exten- 
sive observations from South Africa and also from other places, has 
questioned the reality of these nightly motions as mentioned by Schmidt.) 

(ii) Intensity variation . — ^It has already been mentioned that the 
intensity of the zodiacal light is comparable to that of the milky way. 
Measurements at Montpellier, France, show that the intensity is about 2*4 
times that of the night air-glow near the region of the pole star. 
The intensity varies considerably from night to night and also from hour 
to hour in a particular night. At times the light may be almost completely 



Fxo. 4. Sections across (a) the morning, and (6) evening zodiacal light at longitudes 
300* and 60* respectively from the sun, for different seasons of the year as observed 
at Texas. It will be noticed that the evening zodiacal light has the greatest 
intensity in April-May and least intensity in Jan. -Feb. The reverse is the case 
for the morning zodiacal light. The ordinate gives the intensity in units of tenth 
photographic magnitude per square degree of the sky; the abscissa marks the 
latitudes. (After Elvey and Roach.) 

extinct. It appears that some at least of such large yariations are coincident 
with the incidence of magnetic storms [10]. Some authors believe that the 
rapid variations in the intensity of zodiacal light might also be coincident 
with solar outbursts associated with bright eruptions on the suns surface 
[11]. Meteoric activities also have been suggested by some to be associated 
with the variation [12, 32]. The meteors responsible, however, are the 
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larger ones, as the absence of Rayleigh scattering in the spectrum suggests 

tl6]. 

Fig. 4 depicts the seasonal as well as the latitudinal variations of the 
evening and morning zodiacal light after quantitative measurements of 
Elvey and Roach, made at Texas with a photoelectric recording photometer 
[13]. The ordinates give the intensities in units of the tenth photographic 
magnitude per square degree of the sky. It will be seen that in,November- 
December, the evening zodiacal light is rather inconspicuous; for the 
morning zodiacal light, the gradient of intensity is steeper. Further, for 
the evening zodiacal light, the maximum intensity is found to occur in 
April-May, while the minimum occurs in January-February. The reverse 
is the case for the morning zodiacal light. It may be mentioned, however, 
that Japanese observers have found a maximum in January for the evening 
light and in October for the morning light [12]. 

Th^ phenomenon of zodiacal twilight (as distinguished from ordinary 
twilight) may be mentioned here. This is observed till the sun goes 
25° to 30° below the horizon and is characterized by the strengthening of 
the emission lines of the night air-glow, but not of its continuous spectrum 
(vide infra). The strengthening depends essentially on the inclination 
of the ecliptic to the horizon. When the ecliptic tends to be vertical to the 
horizon, the zodiacal twilight becomes intense and produces considerable 
widening of the light pyramid specially near the base. This widening can 
be seen, for example, in Fig. 2(a) and in Fig. 4. 

(iii) The spectrum . — ^The spectrum of the zodiacal light (like the 
spectrum of the night air-glow; see Sec. 4c), consists of lines and bands 
superposed on a continuous background. So far as the former is concerned 
they are the same as in the night air-glow, only somewhat more intense 
[16, 17, 18]. (No lines or bands as are not observed in the night air-glow 
have been detected.) According to the careful photometric measurements 
of Karimov [19] (made in 1947-48 at the Gomaya .Mountain Astrophysical 
Observatory, 15 km. south of Alma Ata SSR) the intensities of the red and 
green oxygen lines on the axis of the zodiacal cone were found to be 1*40 
and 1*53 times respectively greater than those in the night air-glow. 
Measurements were also made on the yellow sodium lines. But the results 
were erratic. On some occasions there was three-fold increase of intensity. 
On other occasions the lines were completely absent from the night sky 
as also from the zodiacal cone. 

In contrast to the above, the continuous part of the spectrum is quite 
different from that of the night air-glow. (For energy distribution in 
night air-glow continuous spectrum see Fig. 12.) On the other hand, 
a marked similarity with the solar spectrum is observed. According to 
measurements of Karimov referred to above, the colour-temperature of the 
zodiacal light is about 6000°K and the colour-index about 0*53, correspond- 
ing to the sj^ectral Class G, that is, to that of the sun [17]. (These results 
were obtained after the contribution — about 25% — from the night 
air-glow continuous spectrum had been removed . ) It may also be mentioned 
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that some observers have identified the Fraunhofer absorption lines in the 
sodiacal light spectrum [14]. These facts have important bearing on the 
theory of zodiacal light which we will presently discuss. 

(iv) PolarizcUion . — Comparative study of the polarization of light from 
regions of the sky in the zodiacal cone and from regions outside it has been 
made by Dufay and D^jardin [20, 1]. It is found that while 15 per cent of 
the light from the zodiacal cone is polarized, only 2 to 4 per cent of the 
light from the night sky is so. The planes of polarization of both are 
found to pass constantly through the sun. The results obtained by Dufay 
are shown in Fig. 5. The ordinate represents the depolarization factor which 
is the ratio of the minimum to the maximum of light transmitted through 
the analyzing nicol when it is rotated in the line of sight. (The region of 
the night sky observed was in the meridian towards the north, while that 
for the zodiacal cone was necessarily in the region of the ecliptic.) The 
upper curve is for night air-glow and the lower curve for the zodiacal light. 
The stronger polarization of the zodiacal light is evident from the figure. 
It will be noticed that the general trend of its variation is similar to that 
•of the night air-glow. It has, therefore, been suggested that the polarized 
•component of the night air-glow is only an extension of the zodiacal light. 
(See also Sec. 5(9).] 



Fio. 5. Comparison of the polarization of the zodiacal light with that of the night 
air-glow. Note that the zodiacal light is much more strongly polarized than the 
night air-glow. Proportion of polarized light is equal to (p — !)/(/»+ 1) where p is 
the depolarization factor. See text. (After Pufay.) 


(v) Parallax . — ^Attempts have been made to find out the distance at 
which the zodiacal light originates by measuring its parallax [21]. This has 
not been successful as no parallax could be detected. According to some 
authors this absence of parallax shows that the origin of zodiacal light 
and gegenschein must be at great distance from the earth beyond the 
orbit of the moon or even further away. 
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(4) Gegenschein and False Zodiacal Light 

On the zodiacal band — ^which stretches across the sl^y along the ecliptic 
— a patch of delicate glow is observed in the region opposite to that occupied 
by the sun. On account of its being (nearly) opposite to the sun the glow 
is called gegenschein or counter -gUm. The glow is rather faint in the 
early parts of the night and becomes distinct only towards midnight. It 
is eUiptic in shape with its major axis lying nearly along the ecliptic. (There 
is some observable deviation from the ecliptic when the gegenschein is 
in the western part of the sky.) On account of its faintness it is difficult 
to assign any accurate dimension to the gegenschein. Generally, it covers 
a region of a few degrees — about 10^ along the major axis and 6° along the 
minor axfs, though, on favourable occasions, it may attain much larger 
size 40^ by 10^ [21a]. The centre of the patch is not exactly opposite 
to that of the sun but is slightly deviated westward from the anthelion. 

The brightness of the gegenschein is on the average about 13% higher 
than the general brightness of the surrounding night air-glow. The brightness 
does not remain constant throughout the night. This may, however, be 
explained (apart from probable observational error) as due to fluctuations 
of the coefficient of transparency of the atmosphere. But, the brightness 
has also a strong seasonal variation; it is on the average about 40% brighter 
in the spring than in autumn. There is a marked correlation between 
these variations and the brightness of the night air-glow. 

According to observations made by Karimov (as mentioned in Ref. 
21c) the spectrum of gegenschein is closely similar to that of the night 
air-glow. The intensity of the line emissions in the gegenschein is increased 
by about 10-15%, but there is no perceptible strengthening of the continu- 
ous background. 

It appears that the gegenschein oval has a definite nightly parallactic 
movement. This was first detected roughly by Astapovich [21d] by 
visual observations and later confirmed by Bozhkovski [216] by more 
accurate photometric measurements of photographs made during the years 
1947-49 at the Gomaya (Mountain) Astrophysical Observatory near the 
town Alma Ata, Kazzi^, SSB. Systems of isophotes of the counter-glow 
for a number of nights were prepared (after making due optical corrections 
and eliminating the contribution to the brightness from other sources, 
e.g. night sky air-glow, galactic light) which revealed a diurnal (24-hour) 
horizontal parallax amounting to about 3*5^ 

A phenomenon closely associated with the gegenschein is the so-called 
false zodiacal light (Fig. 6). It was first noticed by Divari on the glacier 
Tooyouk-Soo at an elevation of 3-5 km. and later by Fessenkov [21c] 
in the desert of Southern Balkhash region (Sary Ishik Otraou). In the 
early hours of the morning, some 2 to 2| hours before sunrise, the gegenschein 
oval (when it is about 40^-45° above the western horizon) is distorted and 
seems to open out into a cone with its axis in the plane of the ecliptic and its 
tail pointing west [21a, 216]. It thus has the appearance of the zodiacal 
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Fio. f). Falso zodiacal light and gegenachoin observed in the desert Sary Ishik Otraou, 
October 1948. Note: As a result of increased contrast in the reproduction, the 
gogonschein appears nniclj brighter tlian in tlio original, (After Fesseiikov.) 
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Fio. 7. Isophotos of the gegcnschein at the stage when it is opening out to form false 
zodiacal light. Observed at Gomaya (Mountain) Observatory near Alma Ata, 
SSR. on October 25, 1946, at 3.33 a.m. (After Divari.) 
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pyramid and, hence, is called /obe su>diaeal light to distinguish it from the- 
former, which, Jn the early morning, is heginning to appear on the eastern 
horizon. The false zodiacal light also appears to be formed by conspicaons- 
widening of the zodiacal band (which stretches across the sky along the 
ediptic) in the later part of the night but is not to be confdsed with the same. 
Fig. 7 shows the isophotes of the gegensohein (distorted) as constructed by 
Dirari from Observations made at 3h. 33 min. on October 25, 1946, at the 
Qomaya Observatory. They clearly show how the oval has opened out to 
form tihe cone of the false zodiacal light. 

(c) Theories 

(i) /nlroduelion. — There can be little doubt that the zodiacal light 
and its associated phenomena are due to light received from extensive 
cloud of material particles of some sort, illuminated by solar rays. Two 
hypotheses have been current r^arding the location of the cloud in the solar 
system. According to one — ^the so-called planetary theory-^tha cloud 
belongs to the sun; according to the other — ^the atmoapherie theory — ^it 
belongs to the earth. The earlier theorists attempted to explain both 
zodiacal light and gegenschein phenomena, exclusively with the help of 
the one or the other theory. According to contemporary workers, however, 
both planetary and atmospheric theories have to be invoked for a complete 
e^Ianation of the whole group of phenomena associated with zodiacal 
light and gegenschein. The scattering cloud, according to both the theories, 
is of a very flat shape, the scattering particles being confined mostly in the 
plane of the ediptic. 

In what follows we will give brief accounts of both the planetary and 
the atmospheric theory indicating how far they are able to explain the 
zodiacal light and the gegenschein phenomena. 

(ii) Atmoapherie theory (Schmidt). — Of the several formulations of the 
atmosphwio hypothesis, that by Schmidt deserves special mention [3]. 
Schmidt a-aanmaa that the earth is surrounded by a lens-shaped doud (which 
may be an extension of the terrestrial atmosphere) with ita plane lying 
in the plane of the ecKpite. The extension of the doud is uncertain but 
it must be much beyond the distance at which the centrifugal force due 
to the earth’s rotation equals its gravitational accderation (about 
earth-radii). The doud leiu partidpates in the motion of the earth round 
the sun but its plane always remains in the plane of the ediptic. 

Figs. 8(a) and (6) explain, after Schmidt, how the portion of the atmos* 
pheric dust lens illuminated by solar rays will appear to an observer as a 
pyramid of light [9]. In Fig. 8(a) the inner drde represents the earth’s 
equator and the outer oirde the periphery of the scattering lens. The 
iUnminated portion of the lens is shown as hatched. The observer is 
situated at B and the trace of his horizon is shown by the tangent through 
B. The sections ofthe illuminated portion ofthe lens visible to the observer 
are shcnm by double hatching. It is obvious that the observer, looking 
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along the tangent, say along the line BA, will observe a light pyramid such 
as that shown in Fig. 8(6). 
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(a) (6) 

Fzo. 8. Illustrating the formation of zodiacal light pyramid. The earth, inner 
circle of figure (a), is surrounded by a lens shaped cloud, the periphery of which is 
the outer circle. The portion of the lens illuminated by solar rays is ^own 
^aded. The observer on earth is at B. Looking towards the horizon along the 
tangent through B he will see a portion of the illuminated lens (shown by double 
hatching). This will appear as an illuminated pyramid as in fiigure (6). (After 
Schmidt.) 

Fig. 9 depicts the positions of the earth round the sun in the 
various seasons with the respective illuminated portions of the lens as 



SePTiMBiR 

Fzo. 9. Illustrating the seasonal variation of the intensity of zodiacal light aa 
observed from middle latitude in the northern hemisphere. The earth is surround- 
ed by a lens-shaped cloud of dust situated in the plane of the ecliptic. Since the 
intensity of the light depends upon the amount of matter illuminated by solar 
rays, it is evident that the morning zodiacal light will be prominent from the 
autumnal equinox to the winter solstice and the evening zodiacal light from the 
winter solstice to the vernal equinox. (After Schmidt.) 

seen by an observer in middle latitudes in the northern hemisphere [9]. 

Since the intensity of the light pyramid depends upon the amount of matter 

illuminated by the solar rays, it is evide 9 t that for the positions of the 
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observer as stated above, the morning zodiacal light will be prominent from 
the autumnal equinox to the winter solstice and the evening zodiacal light 
from the winter solstice to the vernal equinox. 

The seasonal variation of the tilt of the light pyramid is also understood 
if it is recalled that the axis of the pyramid always tends to coincide with 
the ecliptic. 

Schmidt explains the nightly deviations of the light pyramid axis 
from the ecliptic as due to an extinction effect produced by the nightly 
motion of the observer due to the rotation of the earth. He further asserts 
that since the nightly deviations are in directions opposite to those expected 
from parallax, any parallax effect will be masked thereby. It is to be 
stressed in this connection that since the zodiacal pyramid appears to 
change its position (against the starry background) with the nightly change 
of position of the observer — be that due to extinction or to parallax — ^it 
is evident that the scattering cloud system cannot be very far from the 
observer and that it presumably lies within the solar system. (Hoffmeister’s 
failure to observe the nightly movement should, however, be recalled in 
this connection. Vide supra.) 

Schmidt also explains the midnight gegenschein as follows. The 
region opposite to the sun where the gegenschein appears is symmetrically 
situated with respect to the eastern and western light pyramids, that i9, 
with respect to the eastern and western portions of the atmospheric ‘lens* 
directly illuminated by the solar rays. It thus receives scattered light from 
both these sources and hence is more luminous than the surrounding 
regions which receive light from only one of the sources. The region there- 
fore appears as a bright patch. Schmidt, however, does not explain why 
the centre of the gegenschein oval is not exactly at the anthelion. 

It should also be remarked that Schmidt does not say anything 
about the nature of the particles constituting the scattering lens — ^whether 
they are air molecules or dust particles of some sort. 

(iii) Mrnaspheric theory (Hulburt and Vegard ). — ^Hulburt assumes that 
the exosphere or the ‘fringe’ region of the atmosphere is the scattering 
cloud of zodiacal light [see Chapter I, Sec. 5c]. Some of the high fljdng 
molecules in the spray region are ionized and those at levels beyond 
30,000 km. will, under the combined solar radiation pressure and the earth’s 
magnetic and gravitational fields, form a sort of oblong ring around the 
earth. On the daylight side of the earth, the ring lies roughly in the plane 
of the equator and on the night side it is warped off the equatorial plane 
approximately in the plane of the ecliptic, and is stretched out into a long 
oval by light pressure [23]. The ions in the ring are assumed to absorb 
the extreme ultraviolet light of solar radiation and re-emit as visible light 
a portion of the absorbed energy. This, according to Hulburt, is the 
zodiacal light. 

The theory is capable of explaining most of the characteristic seasonal 
variations but leaves unexplained the similarity of the continuous part 
of the spectrum of the zodiacal light with that of the sun. 
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Another version of the formation of the atmospheric ‘lens’ is given by 
Vegard [24]. According to Vegard, the terrestrial atmosphere is topped by a 
‘corona’, particularly on the daylight side. The process of formation of the 
corona is as follows: It is assumed that the sun emits radiation in the 
extreme ultraviolet, of wavelengths corresponding to those of soft X-rays. 
The atoms and molecules in the topmost layers of the atmosphere are 
ionized by these radiations and electrons of great energy are liberated. 
The ejected electrons as they move away— which they do more freely in an 
upward direction being less hindered by collision — ^produce an electric field 
between them and the positive ions left behind. This electric field not 
only prevents the photoelectrons from escaping from the terrestrial atmos- 
phere, but also drives upwards to some extent the positive ions. Some of 
the neutral molecules are also carried upwards by collision with the ions. 
This region of electric double layer formed with electrons, ions and neutral 
particles, crowning the highest layers of the atmosphere, is called by Vegard 
terrestrial ‘corona’. Due to the action of the terrestrial magnetic field the 
corona, consisting as it does of charged particles, bulges but near the equator 
and assumes a lenticular shape. The ^principal plane’ of the lens coincides 
with the magnetic equator and the main extension of the bulge is on the 
daylight side. This bulge on the top of the atmosphere, illuminated by 
solar rays, appears as the zodiacal cone from the evening zones of the earth; 
further, since the extension of the bulge is towards the sun, the cone 
appears to lie in the plane of ecliptic. 

No quantitative data are given by the author regarding the shape and 
size of the bulge, though it appears that its extension is much less than that 
of the ‘fringe’, being only a few hundreds of kilometres above the 
auroral layer at 70-100 km. height; the average space density of the 
particles is also much higher due to the presence of neutral molecules. 
It is interesting to recall that for the case of Hulburt’s ‘fringe’, the 
ejected particles derive their energy by collision with particles in 
the denser atmosphere below. For the case of the ‘corona’, the 
electrons derive their energy from the high-energy photons absorbed 
by the molecules in the same region. Both the processes probably 
operate and contribute to the production of the ‘fringe’ region of the 
atmosphere. 

(iv) PUmetary theory . — ^As already mentioned the scattering cloud is 
assumed to belong to the sun in the planetary theory [6, 25]. It is 
supposed that the sun is surrounded by dust particles occupying a fiat 
lens-shaped region extending well beyond the orbit of the earth in the 
plane of the ecliptic, and that the zocUacal band is the portion of the illu- 
minated lens (by solar rays), as observed from the dark side of the earth. 
The particles cannot be of molecular size; they must be much larger, at least 
several wavelengths of light in diameter, as otherwise they would soon be 
dispersed by solar radiation pressure. The particles must also have 
planetary motion round the sun to prevent them from being sucked into it 
by gravitational attraction. To explain the zodiacal illumination of the 
3 * 
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sky, the partioles need not be numerous. If they are assumed to be 1 mm. 
in diameter having refleoting power of only 0*073 (the albedo of the moon), 
it oan be shown that the observed intensity is accounted for if the average 
distance between the particles is 8 km. 

According to Hoffmeister [26] the observations can be best explained 
by assuming the existence of two regions of maximum number-density 
of the partioles round the sun, one within the earth’s orbit and the other 
beyond Mars within the zone of minor planets. 

An ingenious explanation of the gegensohein is given in the planet-dust 
theory by the application of a particular solution of the three-body problem 
in celestial mechanics to the case of the earth, the sun and the dust particle 
[27]. It can be shown that on the side of the earth opposite to the sun 
and on the line joining the two, there is a point of equilibrium round which a 
particle, assumed to be of infinitesimal mass (ideally), will move in a closed 
elliptical j^abh if it entered the region near the point with appropriate initial 
velocity. If the particle bo not of infinitesimal mass, it would move in a 
nearly closed orbit, and would remain in the region for a considerable time. 
Now, in the planet-dust theory it is supposed that a very large number of 
small particles are moving round the sun roughly in the plane of the ecliptic. 
It is, therefore, possible that some of the particles would pass near the 
equilibrium point with the correct initial velocity. Such particles would 
make one or more circuits around this point before pursuing their courses 
round the sun. There would, therefore, be a concentration of particles in 
this region and more light will be scattered from it than from the less 
populated surrounding region. There will thus be a glow of light in the 
dark anthelion region of the sky which is the so-called gegenschein. The 
effect will be enhanced because, as observed from the earth, the illuminated 
particles would all appear in full phase. The correctness of the theory, of 
course, depends on whether or not there are sufficient number of particles 
with the required initial motion to cause them to swarm round the equili- 
brium point in the manner described above. 

New light has been thrown on the physical characteristics of the 
interplanetary dust cloud by the works of van de Hulst [29] and of Allen 
[30]. It appears that the so-called jP-component of the continuous light 
of the outer solar corona (sec Appendix, Sec. 8) is nothing but scattered light 
from the dust cloud [27a] and is thus merely an extension of the zodiacal 
light towards the sun. From an analysis of the photometric data of the 
corona and of the zodiacal light, Hulst has deduced the follo\\‘ing charac- 
teristics of the interplanetary dust cloud. The thickness of the cloud perpen- 
dicular to the plane of the ecliptic is y^^th of the diameter of the earth’s 
orbit and the total mass of the particles within the orbit of the earth is 
5x 108 gms. (i.e. 10*“® times the mass of the earth). The space density is 
thus 5xl0“*i gm./cm3. The sizes of the particles range up to 0*3 mm. 
Particles with radii larger than 0*35 mm. are less abundant. The mean 
free path of the particles is 10^® cms., i.e. a million times the diameter of 
the earth’s orbit. Hence the interplanetary dust cloud is extremely 
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transparent and any interaction between the scattering particles may be 
neglected. 

Allen, who has assumed a non-uniform distributipn of the space 
density of the particles (instead of a uniform density as assumed by Hulst), 
has come to similar conclusions regarding the nature of the scattering 
cloud. Incidentally, the distribution, in certain regions, as assumed by him 
agrees with the empirical distribution of Holfmeister as mentioned above. 

In regard to polarization, the planetary theory has this difficulty: 
Polarization is a characteristic of the so-called Rayleigh scattering by 
particles of molecular dimensions. How then, can the light scattered from 
such large-sized particles (0*3 mm. in diameter), as assumed in the planet 
dust theory, be polarized ? The difficulty may be got over, if it is recalled 
that light reflected from minerals such as granite is partially })olarized, and 
if it is assumed that the zodiacal particles are made of such minerals [31]. 
The atmospheric theory — so far as it assumes the scattering cloud to be an 
extension of the terrestrial atmosphere — ^has also its difficulty regarding 
polarization. It is well known that the intensity of light due to Rayleigh 
scattering varies inversely as the fourth power of the wavelength. If, 
therefore, the scattering particles — as assumed by Hulburt — ^be air molecules, 
then the intensity distribution in the zodiacal light spectrum ought to follow 
this law. No such distribution of intensity has, however, been observed 
in the zodiacal spectrum. It should, however, be remembered that the 
zodiacal light contains a large percentage of unpolarized light the origin of 
which may not be due to scattering. This unpolarized component may 
mask the inverse fourth-power distribution. 

As regards the origin of the dust cloud it is sometimes suggested that 
the cloud particles are remnants of the matter S})rayed out of the sun when 
the planets were bom of the same due to the close a{)proach of a passing 
star. 

A more deflnite theory has been advanced by Fessenkov and is described 
in the sub-section to follow. 

(v) Planetary-cum-atmoapheric Uieory [Fessenkov ). — ^According to Fessen- 
kov both the planetary and the atmospheric theories have to be invoked 
to explain the whole group of phenomena — zodiacal pyramid, zodiacal belt, 
gegenschein, false zodiacal light and extension of the base of the upright 
zodiacal cone. The first two of these are ascribed to cloud of dust particles 
with the sun at its centre (planetary theory) and the rest to an extension of 
the terrestrial atmosphere, in the form of a tail, in the direction away from 
the sun (atmospheric theory). Both the dust cloud and the atmospheric 
extension are situated in the plane of the ecliptic being compressed perpendi- 
cular to the same. ' 

Regarding the formation of the dust cloud Fessenkov advances the 
hypothesis [28] that the dust particles are produced by collision of 
sporadic meteors [see Chaj^ter IIIB, Sec. 2] with asteroids. In support of his 
theory, Fessenkov quotes a parallel x>henomenon, namely, the formation of 
thick clouds of dust on the surfaces of moon and Mercury and probably 
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on those of all members of solar system without atmosphere. Sinoe 
the combined surface of all the asteroids is very large, the amount of dust 
partides produced is also large. Further, unlike the dust .particles produced 
on the surfaces of the massive heavenly bodies, the dust partides produced 
on the surfaces of asteroids cannot be retained by them as the attraction 
is very small. According to Fessenkov, they are drawn into the solar 
system from different directions and with different velocities and form an 
oblate spheroid with the sun at its centre. The spheroid is surroxmded by a 
thick ring of dust in the asteroid zone. This spheroid, according to Fessen- 
kov, gives rise to the conical zodiacal light and the ring of dust surrounding 
it the zodiacal band along the ecliptic. 

To explain the gegenschein, the £dse zodiacal light and the broadening 
of the base of the zodiacal cone (when its axis makes small angle with the 
vertical) Fessenkov suggests an atmospheric theory. According to Fessen- 
kov the outer and the most extended portion of the terrestrial atmosphere 
has a shape as shown roughly in Fig. 10. In the direction of the sun, this 
outer atmospheric layer may be represented by the 
surface of an elliptic paraboloid extending one or two 
thousand kilometres and flattened in the direction 
perpendicular to the plane of the ecliptic. In the 
direction opposite to that of the sim it is confined 
almost entirely in the plane of the ecliptic and widens 
in the shape of a cone with an angle of about 8^-10^ 
between the generatrices. The density of the matter 
in the cone decreases slowly being about halved for 
each 4*7 earth radii. Fessenkov has made detailed 
study of the luminous effects which this tail would 
produce in the sky when viewed from the night side of 
the earth and has shown that they can explain, at least 
qualitatively, the gegenschein and some zodiacal light 
phenomena not explained by the dust-cloud theory. 
For example, the shape and size of the gegenschein 
oval, its nightly parallactic motion and its opening out 
to form the false zodiacal light, all conform to results 
as expected from the hypothesis. Further, the fact 
that the continuous spectrum of the zodiacal light 
resembles that of the solar spectrum, but that the conti- 
nuous spectrum of the gegenschein [21c] is identical with 
that of the night air-glow, shows that the origin of the 
two phenomena must be different. The former is due to dust particles (as 
assumed in the planetary theory) and the latter to extension of the terres- 
trial atmosphere (as assumed in the atmospheric theories of Vegard,Hulburt, 
and others). However, the broadening and the increased luminosity at the 
base of the zodiacal light cone is to be ascribed to contribution of 
luminosity from the tail of the terrestrial atmosphere (as evidenced by 
the spectral study). Fessenkov thus remarks [28a]: ‘The old controversy 



SUN 

Fio. 10. Extencdozi 
of the outer at- 
moqphere of the 
earth as mig^t 
produce the ge- 
gensohein and 
false zodiacal 
lig^t according to 
Fessenkov. 



SBO. 3 


LIGHTS FROM THE NIGHT SKY 


Ml 


oonoeming the nature of the zodiacal light is ended; the phenomenon is 
partly of a cosmic and partly of an atmospheric nature. It is certain that 
the basic part of the phenomena is connected with the scattering of light 
by meteoric matter in the interplanetary space; but it also depends, in 
part, on the terrestrial atmosphere. The upper layers of the terrestrial 
atmosphere cannot therefore be symmetrical with respect to the earth’s 
surface.’ (In this connection, one may recall Hulbert’s hypothesis (vide 
8ub*sec. iv) in which it is assumed that on the night side, the atmosphere is 
stretched into a long oval by light pressure and is warped off the equatorial 
plane approximately in the plane of the ecliptic.) 


3. GALACTIC LIGHT 

WhiMl the effects of the star light, the zodiacal light, the light of the 
air-glow and the scattered light due to all these have been taken into account, 
there still remains some excess of illumination. This light is supposed to 
be due to light from galactic nebulae and light from the nulky-way scattered 
by interstellar matter. It is now well established that the space between 
the solar system and the stars is not entirely devoid of matter. It is found 



Fio. 11. Variation of mean galactic light with galactic latitude. The dashed curve is 
for all the data. The continuous curve represents data for the same regions for 
which mean star counts have been mode. .(After Elvey and Roach.) 
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to contain atoms of hydrogen, calcium, sodium, potassium, iron, oxygen 
and titanium — some of them ionized, also molecules of GN and CH [33]. 
The space density of matter is very small being of the order of one particle 
per cm,* 

Fig. 11 depicts the variation of galactic light with galactic latitude [13]. 
The ordinates represent brightness due to 'galactic light in units of tenth 
photographic magnitude per square degree of the sky. It will be seen 
that, as expected, the maximum brightness of the night sky due to this 
source lies at zero galactic latitude; at this latitude the brightness corre- 
sponds to 57 stars of tenth photographic magnitude per square degree. 


4. NIGHT AIR-GLOW— SPECTROSCOPIC STUDIES 

(а) Introduction 

As mentioned in Sec. 1 an important proportion of the luminosity of 
the night sky is due to the self-luminesence of the upper atmospheric gases, 
or, to what has been described as ‘ air-glow *. The study of the night air- 
glow is of great importance as it helps to understand many of the physical 
properties of the upper atmospheric regions. In what follows we shall 
first give a brief account of the results that have been obtained from 
spectroscopic and photometric studies of the air-glow. The origin of the 
air-glow, the modes of excitation of its spectral components and the 
possible causes of the variations of their intensities (nightly, annual and 
with solar cycle) will then be discussed. It will be seen that besides 
ozone, atomic oxygen and atomic nitrogen (to which references have already 
been made in Chapters IV and V) the upper atmospheric regions also 
contain hydrogen and sodium. 

(б) The Spectrographs 

The night air-glow being very faint the sj)ectrograph used must be of 
high light-gathering power. Typical dimensions of the lens and the prism 
systems used by some of the earlier and more recent workers are given 
below. It will be noted that with the design of the apparatus as used by 
the earlier workers the exposure necessary had to be from several hours to 
some tens of hours. 

Workers in India have used spectrograph with a single flint prism and 
with collimator of focal length 12 inches and diameter 1*5 inch [16]. The 
camera had a Dallmeyer lens of focal length 2 inches and aperture 
//I *5. The length of the spectrum between the oxygen green line and the 
^-line of the solar spectrum was about 3 ^# mm. For obtaining a good 
spectrum an exposure of about 26 hours (spread over 5 nights) was 
necessary. 

Dufay employed a quartz spectrograph for the visible and the near 
ultraviolet regions [34]. The collimator and the objective were of 9 cm, 
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focal length and 25 mm. diameter, the aperture being //3'5. The 
prism was a 60° one, composed of two similar right-angled quartz prisms, one 
right-handed and the other left-handed, cemented together. The dispersion 
was 120 A per mm. at A 3500. With slit width 0*2 mm., spectrograms could 
be obtained with 1 1 hours exposure. With finer slits, total exposure of 48 
to 60 hours was necessary. 

For specially studying the region towards the red end of the spectrum 
Cabannes used a sj)ectrograph with a flint prism of 115 mm. height with a 
205 mm. base [35]. The camera objective had a focal length of 80 mm. 
The aperture of the apparatus was large, being //0 07. The spectral 
range AA 5265-7280 occupied a length of 4*6 mm. With a slit of 0*2 mm. 
width, exposures varying from 6 to 17 hours were necessary for securing 
good ])hotographs on clear nights. 

Lord Rayleigh used a s[)ectrograph of krge aperture //0*09, the focal 
length of the objective being only 30 mm. A flint prism was used. 

Elvey and Farnsworth have used a spectrograph with collimator 
20 inches and camera lens 2 inches in diameter with aperture //O* 66 [36]. 
The dispersing system was *one of the Mantois prisms of the Bruce spectro- 
graph of the Yerkes Observatory*. The linear dispersion of the apparatus 
was 1500 A i)er mm. at the sodium />-lines. For photographing the 
spectrum during t\\ ilight (instrument pointing 5° above the horizon in the 
direction of the setting or the rising sun) an exposure of 10 minutes sufficed 
to produce a measurable density of the spectrogram. During dark hours 
of the night, the standard exposure for a zenith distance of 70° was 90 
minutes. 

For studying the infra-red region 6000 A to 8800 A, Meinel used a 
spectrograijh consisting of a replica grating and a flat-field Schmidt type 
camera of an effective speed of F/l [37]. The grating size was 100 mm. 
by 165 mm. with 7500 lines per inch and maximum energy concentration 
(about 80 per cent) in the first order at about 8000 A. The camera had a 
dispersion of 250 A/mm. in the first order and a focal length of 14 cm. 
The slit is placed at a large distance from the grating; as such, there is no 
need of a collimator. Hypersensitized Eastman IN emulsion was used. 
With projected slit width 50/a and 30/a the exposures were 7 hrs. and 32 hrs. 
respectively. In another design with disx)ersion of 247 A/mm. in the first 
order and a photographic resolution of approximately 10/a excellent spectra 
were obtained with 12 hrs. exposure with projected slit width of 21/a [38]. 

It is hardly possible to use photograx)hic plates for study in regions 
beyond 9000 A on account of impossibly large exposures required. Photo- 
electric pick-uj) may be used instead. But this has the disadvantage that 
on account of the wide spectral bands of sensitivity 6f photoelectric surfaces, 
the spectral resolution is very small. The ideul solutioji is, of course, to use 
monochromator with x)hotoelectric pick-up. An ap]iroach to this may 
be made by the use of interference type of filters, which transmit only 
narrow bands of wavelength, in conjunction with ]>hotoelectric photometer. 
Such an ap^iaratus will be described in Sec. 55. 
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(e) The Spectrum 

(i) General description . — ^The night air-glow speotrum consists of a 
system of lines and bands on the background of a continuous spectrum. 

Contimuyus spectrum , — ^The continuous spectrum has been found to be 
crossed by absorption lines coinciding with some of the Fraunhofer lines. 
The intensity of the speotrum towards the blue and violet end is much 
stronger than what one would expect from pure scattering. It is known 
that the intensity of sunlight scattered by the atmosphere decreases rapidly 
towards the short wavelength side from the violet end. A photometric 
comparison of the distribution in the ultraviolet part of the continuous 
speotrum of the night air-glow with that of the scattered skylight during 
daytime had been made by Dobronravine and Khvostikov [39] during the 
years 1937 and 1938 at the astronomical observatory at Sim6ise, Crimea. 
Fig. 12 dbpicts the results of an observation. It will be seen that the night 
air-glow spectrum is relatively richer in ultraviolet than the scattered light 



Fxo. 12. Comparison of the variation of intensity with wavelength of scattered sky 
light (during daytime) with that of the continuous spectrum of niglit air-glow. 
( — . — Scattered skylight ; — X — night air-glow.) It will be noticed that the night 
air-glow spectrum is richer in ultraviolet. (After Dobronravine and Khvostikov.) 

from the day sky. No clear explanation of this curious fact is known. 
It has been suggested that a major part (more than 50%) of the continuum 
is due to superposition of wings and weak bands of the Vegard-Kaplan 
system [39a]. Other lesser contributions are by zodiacal light and by 
unresolved stars. Suggestion has also been made that the continuous 
spectrum is emitted in the process of radiative association of neutral atoms 
[896]. 

It has been suggested that night air-glows of abnormal brilliance are 
due to enhancement of the continuous spectrum radiation originating in 
the upper atmosphere and not to extra-terrestrial sources like galactic 
or zodiacal light. According to Barbier [40] about 2/3 of the background 
intensity in the blue, violet and ultraviolet is to be attributed to the 
'wings’ of the Vegard-Kaplan and Herzberg bands. 
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Blaokett [41] has discussed the interesting possibility of contribution 
to the continuous part of the night air-glow spectrum by the so-called 
Cerenkov radiation emitted by cosmic rays. (When a transparent material 
is traversed by fast electrons, a continuous spectrum of visible light, 
mainly in the direction of motion of particles, is emitted. This was 
discovered by Cerenkov.) Blackett points out that if the particle velocity 
is very nearly that of light then the same type of radiation should be 
produced in a gas. According to his estimate the intensity of the Cerenkov 
radiation at sea-level, due to bombardment of the atmosphere by' cosmic 
rays (whose velocities approach that of light), is about lO'^of the total 
light of the night air-glow. The contribution is thus negligible for clear 
night sky. However, the radiation should exist even under an opaque 
layer of very high clouds. ‘ The Cerenkov radiation of cosmic rays sets 
a limit, even if an unrealizable one, to the darkness of the darkest night. * 

Line and hand spectra . — In Table I the observed lines and bands with 
their origins are listed. It will be noticed that the most prominent lines 
and bands in the visible and near ultraviolet are those due to atomic 
oxygen, atomic sodium and molecular nitrogen. (It will be seen in Sec. 9 
that though the sodium Z)-lines are very prominent, sodium atoms constitute 
a very small fraction of the atmosphere.) The near infra-red region is 
dominated by the rotation-vibration bands of the OH radical. In the 
ultraviolet the strongest bands are due to the Herzberg system of O 2 . 

The list as in Table I does not include many lines and bands that are 
still unidentified. 

In Figs. 13 and 14 (Plate I) spectrograms of night air-glow are 
reproduced. The spectnim in Fig. 13 is for the visible and near ultraviolet 
region. It was taken by Elvey with the nebular spectrograph of the 
McDonald Observatory, Texas, U.S.A. [42]. In Fig. 14 two types of spectra 
for the red and near infra-red region taken at the Lick Observatory, 
U.S.A., are shown [43]. A is for a quiet night; B is for a night when a 
faint aurora was present in the north. The spectra were taken by Meinel 
with transmission replica grating. In the quiet night sky spectrum (A) a 
large number of rotation- vibration bands of OH in the ground (X ^TI) state 
can be recognized by comparing with Fig. 16 (Plate II). The red atomic 
oxygen lines at A 6300 and A 6363 appear clearly. The atmospheric A -band 
system of O 2 at A 8628 and A 8659 appear in emission. The broad 
absorption features at A 6900, A 7200, A 7600 and A 8220 correspond 
respectively to the Fraunhofer B, a, A and Z bands. The special features 
in the spectrum when a faint trace of aurora was ])rcscnt (H) are the 
following; A group of very intense radiations near A 7700 which is identified 
with (2, 0) transition of the first positive bands of N 2 . Another group at 
about A 8600 also include first positive system of N 2 transitions (2, 1). The 
most striking feature is, however, the permitted lines of atomic oxygen 
(A 7774 and A 8446) and of atomic nitrogen (A 8684 and A 8630). (See 
Appendix. Sec. 2, Fig. 16.) (It is to be noted that 'as a result of 
widening, the reproduction shows many spurious faint lines which are 
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Table I 

Lines and bands in the night air^glow spectrum 


Origin 

Transition 

Remarks 

0 atom 


Qroen oxygen line. Per- 


(A 5677) 

manently present in the 
night air-glow spectrum. 
Strong intensity. Transi- 
tion forbidden. 



Red oxygen lines. Perma- 


(A 6300) 

nently present, but of 


(A 6363) 

lesser intensity than A 6577. 


(A 6^92) 

Transition forbidden. 
Considerably enhanced in 
twilight spectrum. 

N"** ion 


First negative bands of N*^ . 


(O-.O A 3014) 

s 

Absent or very faint in the 
night air-glow; but observed 
when the slightest trace of 
aurora is present and also 
in the twilight. 

Na molecule 

(red and infra-red region) 

First positive group of N 2 ; 


fairly strong. Always pre- 
sent. 



V e g a r d-K apian bands. 


(blue -violet region) 

Strong and always present. 
Forbidden transitions. 


•^X^Eg 

Lyman-Birge-Hopfield sys- 


(ultraviolet region) 

tems. Many coincidences 
with the computed band 
heads of the system show 
that this system is most 
probably present. 

Na atom . . 


Sodium D-Une. Strong; 


(A 5894) 

alwajrs present. Greatly 


enhanced in twilight spec- 
trum. 

Oa molecule 

B^L^-^X^Eg 

Runge -Schumann bands. 


(blue and ultraviolet region) 

There is a fair probability 
of the occurrence of this 
band system. 

1 

A ^E^X 

Atmospheric band system. 


(infra-red region) 

Identified by Meinel 


32:+_>.327" 

Herzberg bands. Identifica- 


tf g 

(ultraviolet region) 

tion almost certain. 

OH radical . 

Vibration -rotation bands 
of the groimd state X 

Meinel bands. Very strong. 


(red and near infra-red). 



due solely to random fluctuations in the silver grain distribution over the 
width of the spectrum on the original plate. ’) 

Critical discussions of the night air-glow s])eotra are to be found in 
references [44, 45, 46, 47, 48, 49, 49a]. In what follows the characteristics 
of the observed lines and bands will be briefly discussed. 
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(ii) Atomic oxygen lines . — The atomic oxygen lines are A 6677, A 6300 and 
A 6363. They are all due to the so-called forbidden transitions (see Fig. 17). 
The line A 5577, well known as the green auroral line, is the most impor- 
tant line and comes out with great intensity in the spectra of both the aurora 
and the night air-glow. The presence of this line was for a long time 
known in the aurora though its origin was unknown till 1924. Jt will be 
discussed further in Section 4d. 

With even a faint trace of aurora allowed lines at A 7774 and 
A 8446 appear. (See Appendix, Sec. 2, Fig. 16.) 

(iii) Nj and N 2 + hands . — The most important bands of Nj are the 
Vegard-Kaplan bands (groups near A 4420 and A 4200). They w^ere first 
noticed by Rayleigh as early as 1922 due to their large intensity. Their 
origin, however, was for a long time uncertain but they are now known to be 
due to the forbidden transitions A^Eu ~^X}Eg [see Ap])endix, Sec. 2, Fig. 17] 
of nitrogen molecules and the story of their identification is interesting. 
Kaplan who had been studying for a long time the mode of excitation of 
the night air-glow and auroral lines in the laboratory, identified a number 
of bands as belonging to certain inter-combination bands of N 2 [50]. Pre- 
vious to this, Vegard had observed these bands while studying the effect of 
bombardment of a mixture of solidiOed argon and nitrogen dioxide by 
cathode rays [51]. Their classification was, however, left to Herzberg [52]. 
Ka])lan identified a large number of lines of these bands with those occurring 
in the s[)ectrograms obtained by Cabannes and Dufay and definitely estab- 
lished that a number of groujjs of lines belongs to this band system. Sub- 
sequently Cabannes and Dufay identified about 32 lines of the night 
air-glow in the region AA 3500-5000 as belonging to this system [63]. 
The following are the strongest bands of the system (1, 11) A 3707, (6, 16) 
A 3834, (2, 13) A 4702, (3, 14) A 4174, (2, 14) A 4420, (3, 15) A 4543 and (2, 16) 
A 4827. 

The first positive group of nitrogen bands is also quite strong. They 
extend from the green to the infra-red region. The lines from A 5320 to 
A 5510 are due to transitions v* — v" — 5; from A 6040 to A 6170 to v*—v" 
= 4; from A 6350 to A 6780 to = 3; from A 7250 to A 7480 to 

= 2 and from A 7750 to A 8330 to w' — i;*' — I [36]. 

A number of coincidences with the band-heads of the Lyman Birge- 
Hopfield system (see Ap})endix, Sec. 2, Fig. 17) have been observed. It 
is likely that the band system is present in the night air-glow spectrum 
[53a, 536]. 

The first negative bands due to are generally absent from the 
night air-glow though they a])pear with great intensity in auroras. Some 
workers maintain that the bands may be observed in the night air-glow even 
when the sky is free from all auroral displays [54j. This has, however, been 
questioned by other investigators. These bands may be obtained in the 
spectrograms of the evening and of the morning sky w hen the last rays 
of the sun are disappearing, or, when the first rays are illuminating the 
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vq^er atmpsplMre [58] (see Eig. 20, Plate II)^ BefiBcemoetotiiiaiiiteNetiiig 
twilight eSisot will be floiade later. 

(ir) Akmie nUrogw Knee,— Atomio nitrogen lines (botii permitted and 
forUdden transitions) are present when there is even a fidnt trace of anrora. 
(See Chap. Vin, Seo. 3a; Fig, 16. See also Appendix, Sec. 8 , i^g. 16.) 
Bat their presence in the qniet night air>gbw speetmm is doabtfol. This, 
however, does not exclude the possibility of the presence qf nitrogen 
atoms in the upper atmospheric regions. (See Chapter V, Seo. 3.) 



Fm. 16. . Oomparisoa of iatorfeMooe fringeo dm to yoUow ndiotion in tho ni^t 
•kgr (Montpellior, Vrame) with the lodium D^line (0*16 mm. etalon). 

(v) Sodium D4inea. — 'Hie presence of the sodium 2>-lines in the nij^t 
air-i^w spectrum is proved conclasively by wavelength measurements by 
Fsbry’Perot interfbrence rings [66, 67], (See Fig. 16.) 

(vi) Os baiida. — The band systems due to Og lie either in the infi(a>red 
or in the ultraviolet or in a region where bands due to predominate. 
(See Appendix, Sw. 2, Fig. 19.) It is therefore difficult to identify them 
with certainfy. Neverthdess, identification of the Herzberg bonds 
(iFJ* *2!~) in the ultraviolet appears to be well established. 

The higner members of the so-called atmospheric A-band i^stem 
(A*2r-»>Z*F) have also been definitely identified [43]. (It may be noted 
that tiiese bands were first observed by Kaplan in the afterglow in pure 
Og. Fwie mfra.) In Fig. 14 (Plate I) the emissions at A 8628 and A 8669 
ooinoide with two maxima of the (0, 1) transition [68]. Hiere are also 
several other coincidences each with loww level above the zero vibrational 
level. Hence, as expected, none of these emissions show definite enhance- 
ment daring twilight. The intensity o£ the bands in the night air-(^w 
spectrum is extremely variabte. 

A broad absorption feature at A 7600 may also be noticed in the same 
figure (Fig. 14). This corresponds to die (0,0)ataiospheiio band of Os. This 
shows that bands of Og which would otherwise be expected strong in emis- 
sioa (in view of the presence of the (0, 1) band) are absorbed by the 
underling amount of gas. (Otiher broad absMption featmes are also to be 


Plate I 



Fig. 14. Two types of night air-glow spectra for the red and near infra-red regions taken by 
Meinel at the Lick Observatory, U.S.A., with a transmission replica grating. A is for quiet 
night sky; B is for a night when a faint aurora was present in the north. 
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Pio, 16. Infra-red spectrum of the night air-glow illustrating the OH -bands. The 
speotrum was taken by Meinel at the Yerkes Observatory with transmission replica 
grating. 



Kia. 29. Speotrograou of the night sky taken with a nebuler specti-ograph at th<* 
McDonald Observatory, Texas, U.S.A., illustrating the enhancement of the red 
oxygen lines, the appearance of the negative band system of ionized nitrogen 
molecule and the increase of the intensity of the sodium line with the approach 
of twilif^t. The apparatus was pointed towards the eastern horizon ; the exposures 
from bottom to top are three hours and fifty minutes, one hour, half an hour and 
fifteen minutes respectively. The topmost exposure was given during dawn and 
the one below just preceding the astronomical dawn. 
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noted a* AA 6000, 7200 and 8220. Tliej ooma|Kiiid nqieothrelj to tlie 
Ftannhofigr J?, o and Z band of HgO.) 

Ifaqy ooinoideiioes 'with the Rnnge-SohiimaDn hand i^yatems 
{B^E-*X*E) have also been r^rted. Howerer, the identi6oatiQn8 cannot 
yet be otaaideted aa quite aatii^Mitory. 

(▼ii) Meind bandt (OJET).— The important identification of banda due 
to the OH radical in the night air>glow apeotmm in the red andnearinfira* 
red regiona ia due to Meinel [69]. Theae are rotation-vibration banda 
(v^9) of the ground atate X*n. The identifioationB ha've removed the long 
atanding puzzle about the origin of the atrong emiaaiona obaerved at X 6660 
and probaby alao at A 10,400 [60]. The former is the unresdved P>braach 
of the (6, 1) band and the latter a blend of the (9, 6), (4, 1) and (6, 2) bands. 
(See Appendix, Sec. 2(6), Fig. 8.) In the spectrogram in Fig. 16 (Plate U) 
^ emissions of these bands in the region AA 7000-9000 are shown. 
The spectrogram was taken at the Yerkes Observatory, U.S.A., with 
transmission replica grating. The exposure was of 12 hours on Isypersen- 
sitized Eastman IN emulsion with a projected slit width of 21 microns 
(seeSec. 6). The spectrum in the range AA 8000-11000 has also been studied 
by Krassovsky [60a] using a prism-spectrograph and a Gs-O-Ag deotron 
image converter. The emiaaiona recorded by Krassovsky in this range 
correspond to those of the Bfeinel bands. A strong emission was found at 
9976 A. This ia believed to be due to a blend of the strong (9, 6) OH band 
at 10014 A and of the (0, 2) Ot band. 

It should be mentioned that the identification of the OH banda as 
due to the rotation-vibration bands of OH is due to Qerhard Herzberg 
(see p. 664, refi [69]). 

OiXer band systemB. — Goinddenoes with bands due to H«0, NO, GO, 
Oa, NH, GH, GN have been reported firom time to time. The i^ntificatjcms 
ate, however, either accidental or only tentative. Begnnling GO a new 
system as suggested by Barbier seems probable [61]. 

(d) Laboratory attempts to produce the air-glow spectrum 

(i) /fUroduetjoa.— Attempts have been made to reproduce in the 
laboratory the spectrum of the air-glow and also of the aurora [see CSiapter 
VIII, Sec. 4]. Such-investigations are helpful for identifying lines or bands 
ofunknown or doubtful origin and also in indicating the probable ccmditions 
prevailing in and the probable modes of excitation in the upper atmosphere. 
It should, howeiver, be borne in mind that the laboratory conditiona of 
excitation are necessarily widely diffoent firom those in the upper atmos- 
phere. For inatenoe, in the upper atmosphjsre there is no ‘ wall effect’ as 
there must be in a disohatge tube. Fnrther,'in the cose of air-gfow the 
ultimate source of its energy is the ultraviolet solar radiation, while that for 
the ^ow in the discharge tube ia the fast electeided particles which have 
acquired momentum in the field of the exciting voltage. It is thetisfore 
hazardous to draw any conohiBion regarding actual processes of exciteition of 
theafo-gtow or auroral spectra, firom consideratitms of the q^edal condition 
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of pressure, gas mixture or wall condition under which the glow discharge is 
obtained. 

The difficulty of reproducing the night air-glow (or the auroral) spectrum 
in the laboratory lies in the fact that most of the lines and bands of same 
are due to the so-called forbidden transitions. Such lines and bands can 
only be produced in the laboratory (for reason to be discussed presently) 
by using specially prepared discharge tubes and employing special modes of 
excitation. We give below short descriptions of methods by which it has 
been possible to produce the prominent lines and bands in the laboratory. 

The first laboratory attempt at imitating auroral spectrum was made 
by Vegard by bombarding solidified nitrogen by cathode rays [51]. The 
yellow-green band thus obtained contained, as was found later, the 
Vegard-Kaplan bands in addition to the then known first positive 
bands of nitrogen; the atomic oxygen line A 5577 was, however, not found. 
In recent years most of the important work on laboratory reproduction of the 
auroral and the night sky spectrum has been done by Kaplan. Before 
describing them we shall give an account of the classical work of McLennan 
and his associates on the excitation of the oxygen green line in a discharge 
tube. 

(ii) MeLennAWs tvork: Qreen atomic oxygen line , — ^The origin of this 
most important line of the aurora and of the night air-glow was for a 
long time a puzzle to the spectroscopists. Attempts had been made to 
trace the origin of this line to solidified nitrogen [51], to Krypton, and to a 
hypothetical element Geocoronium. All such speculations were, however, 
set at rest when McLennan and Shrum [49] proved that the line is due to 
atomic oxygen. They studied the discharge in oxygen mixed with helium 
or neon, and found that in the spectrum of the discharge the green line 
A 5577 could be identified easily. Further, this line could also be excited 
in .pure oxygen under high current density. The^ concluded that the line 
must therefore be attributed to 'some hitherto unknown spectrum of 
oxygen’. McLennan, McLeod and McQuarrie [63] reiieated the experiment 
and found that the intensity of the green line increased enormously when 
mixed with argon. 

Since the mode of excitation of this important line is interesting from 
many points of view, we shall describe it in a little detail. In spectroscopic 
nomenclature the line is said to be due to the transition of the oxygen atom 
from ^8 to state [see Appendix, Sec. 2(d)]. Both are metastable 
states of the oxygen atom; an oxygen atom, if excited to ^8 state will 
remain there for an appreciable time (0*5 sec.) before spontaneous transition 
to a lower state (see Fig. 17). Now an excited atom in a discharge tube may 
be removed from its state of excitation by various processes. Firstly, it may 
radiate spontaneously and drop to a state of lower energy. Secondly, it 
might react with incident radiation and thus be raised from its original 
state to a state of still higher excitation or drop to a state of lower excitation. 
Thirdly, it mig^t oollide.with an electron and give up its excitation energy 
to the latter as kinetic energy. Finally, it can collide with an atom or a 
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mdeoale either in the oontained gas or on the walls of the disoharge tube 
and be relieved of its energy by exdting the latter. The last-named mode 



Fiu. 17. Bnergy level diagcsma of O and iUiutrating the emiarioo proc o wee in 
ni^it air^(knr speotnun. See also Fige. 16 and 17 in Appendix, See. 2, where the 
epectroaoopic epnibola ate explained. 

of transference of energy has a very high probability when the ])article 
enooiintered possesses a state of excitation whose energy is about the same as 
that of the excited atom. A molecule, since it possesses a large number of 
energy states, is particularly effective in absorbing the energy of the colliding 
excited atom, as it is possible that one of its many states of excitation closely 
matches that of the excited atom. For the same reason collision with a 
solid which has a complicated structure and possesses innumerable exdted 
states is very much effective in de-exciting the colliding atom. (It may be 
noted that the probability of a collision with an atom or a molecule in 
which energy of the excited atom is transferred to kinetic energy is very 
small.) , 

Now, as already mentioned, the oxygen atom in the metastable 
state has a life-time of about O’S sec. The probability of its removal from 
the excited state by spontaneous transition to a lower state, accompanied- 
by radiation, is thus small. (Compare the life-time of ordinary excited 
atom 10~*— 10'* sec.) In fact, in the ordinary discharge tube, this 
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probability is in general very small compared to the probability of its de* 
excitation by the various oollisional processes described above, in particular 
by the collisions with the wall. Now it may be possible to minimize the 
chance of de-excitation by wall-oollision by increasing the gas pressure, as 
this will check the diffusion of the excited atoms towards the walls. But 
the increased pressure will increase the chance of de-excitation by collisions 
with electrons and other molecules. There is thus an optimum pressure 
which is favourable for radiation from metastable atoms or molecules. 
In the experiments of McLennan, McLeod and McQuarrie [63] with pure 
oxygen a pressure of 2 mm. was found optimum for production of A 5677 
line. The highest intensity of the line was, however, obtained when the 
oxygen, only in very small quantity, was mixed with some noble gas like 
helium or neon [62] or argon [63]. The explanation is obvious. Since these 
gases haVe no excitation potential below 10-20 eV, they cannot take up, 
on collision, the energy from the oxygen atom in metastable state, the 
value of which is only 4*2 eV. The presence of these gases even at com- 
paratively high pressure therefore, while not increasing the probability of 
transfer of the energy of excitation of the atoms by collision, prevents their 
diffusion to the walls of the discharge tube where they would otherwise 
have been de-excited. 

We now understand why the A 5577 line, as also the other lines and bands 
due to transitions from metastable states, are observable in the upper atmos- 
phere. Here the pressure is low and, as a consequence, collisions which 
may lead to de-excitation are few; further there are no walls, the collisions 
with which in a discharge tube are so effective in removing the atoms 
from their excited states. An atom therefore excited to a metastable 
state has the chance of remaining in that state until it jumx>s sponta- 
neously to a state of lower energy with the emission of the forbidden 
line. 

(iii) Kaplan afterglows . — ^Kaplan has carried out extensive series of 
experiments to reproduce auroral and night air-glow spectra in the afterglows 
of discharges in pure nitrogen or in nitrogen mixed with traces of other 
gases (particularly oxygen) contained in specially ‘conditioned’ tubes. 

It is found that under certain special condition of the walls (the nature of whioh 
is still ill understood) tho glow in a discharge tube may continue for an appreciable time 
even after the dischaige current has been cut off. The best known example of this is 
the nitrogen afterglow, also called Lewie-Eayleigh glow. Under favourable conditions 
the glow may persist for some hours. The spectrum of the glow consists of selected 
bands in the first positive system of nitrogen. The glowing gas is capable of reacting 
vigorously with many substances and hence is called 'Active Nitrogen * after Rayleigh. 
A full accoimt of the nitrogen afteiglow and properties of active nitrogen Is to be 
found in ref. [64]. 

Many hypotheses have been put forward regarding the nature of the active 
substance which produces the afterglow phenomenon. A recent one put forward 
by Mitra [64] is as follows. According to this theory, the active substance is 
tiM nJ (X') ions produced by tho discharge. They persist because the walls of the 
disdharge tube are so conditioned that recombination of the ions with electrons on 
the surface is provontod. This is believed to bo due to the formation of on adsorbed 
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layer of N^ (or, N) on the glass surface. Since Ng molecules (or, N atoms) possess very 
little electron affinity, a layer of (or, N) on the surface prevents the formation of a 
negative surface charge by deposition of electrons. The ions therefore instead 
of being neutralized on the surface are neutralized in the volume by three body 
collisions as follows, 

(JC')+a+Ns-.-N,(J9-state)+N,(il-8tat«). 

The ionization potential of Nf is 16*58 eV and this amount of energy is released 
on its neutralization. The whole of this energy can be shared by the two neutral Ng 
molecules produced if one is raised to a suitable vibrational level of the d -state and the 
other to that of the H-state (see Appendix, Sec. 2, Fig. 17). The probability of the re- 
action is thus high because the whole of the released energy is taken up as potential eneigy 
by the reaction products. If the molecule in the A -state be in its lowest level o' ■■ 0 
(6*1 eV) then the other molecule will take up the rest of the energy, namely 9-48 eV 
by being raised to vibrational level v' 12 (9*75 eV) of the B-state. The emission of 
the first positive bands which is due to the transition B-^A is thus explained. (From 
the A-state Vegard-Kaplan bands are emitted by the transitions A -4> X. However, as 
the A-state is a highly metastable state the Ng molecules in this state are de-excited 
by collision by a radiationless process.) 

The Kaplan afterglows are produced in sealed discharge tubes which 
have been cleaned up by prolonged discharge (uncondensed) to get rid of 
impurities. These are generally oxygen from gas cylinder and hydrocarbons 
derived from stop-cock grease and they produce spectra of 0, NO and 
CN. The prolonged discharge also 'conditions’ the walls of the tube by 
formation of adsorbed layer. Kaplan remarks that in such tubes the cata- 
lytic effect of the wall has, in some way, been removed and the tube behaves 
effectively as if it has no walls. (Of the numerous papers published by 
Kaplan on the subject mention may be made of those in references [65, 
06, 67, 68].) 

Using pure Og, Elaplan [72] found that the afterglow spectrum consisted 
solely of the forbidden system of bands due to transitions from the 

V* SB 0 level (see Appendix, Sec. 2, Fig. 19). As indicated in Table I (p. 506) 
this atmospheric band system of Og has been identified by Meinel in the 
infra-red night air-glow spectrum. 

Using pure Ng, Kaplan obtained afterglow spectra the earlier parts of 
which resembled the nitrogen spectrum of the auroral afterglow and the 
later parts that of night air-glow. The essential discharge condition for 
producing these afterglows is that the relative intensity of the first 
negative bands of in the discharge must be very high [69]. The after- 
glows can then be obtained at all pressures ranging from 150 mm. to the 
lowest pressure at which discharge is possible. 

The most important characteristic of the afterglow is that the relative 
and absolute intensities of its spectral components change with time in course 
of the decay of the afterglow which is about 10 seconds. At the beginning, 
the first negative bands are strong, stronger than the second positive bands. 
The Vegard-Kaplan bands and the forbidden atomic nitrogen line A 3467 
(2 jP-> 4^) are also present, but are weak. (See Appendix, Sec. 2, Figs. 15 and 
17.) The spectrum at the beginning is thus a very faithful reproduction of 
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the auroral speotrom so far as Nt-bands and N-lines are oonoemed. There- 
after, though the first negative bands steadily decrease in intensity, the first 
positive bands, the Vegard-Kaplan bands and the nitrogen lines gain in both 
relative (to the first negative bands) and absolute intensity. Towards the 
end of the glow the Vegard-Kaplan bands are found to have increased in 
intensity relative to the nitrogen lines, and the first negative and^ second 
positive bands are extremely weak. The spectrum at the end is thus a 
reproduction of the night air-glow for the nitrogen bands. 

If oxygen is introduced in the discharge tube the green atomic oxygen 
line in the visible and the atomic nitrogen line (A 3467) and the 
atomic oxygen line A 2072 {^S^^P) in the ultraviolet are increased greatly 
in intensity. 

As already mentioned, the nature of the conditioning of walls of the 
discharge vessel (which prevents reactions on the walls and makes the 
afterglo4r possible) is still ill understood. (See |tef. [64]). However, the 
spectral emissions and the changes in their intensities with time (at least 
for the case of pure nitrogen) may be understood as follows after Mitra 
[70], if the very plausible assumptions are made that the primary source of 
energy in the afterglow is the excited {A') ions (which had been produced 

in the discharge) and that these excited ions have long life. The long life 
is evident from the persistence, for several seconds, of the first negative 
bands [N^ (X')] after the discharge has been cut off. (In the 
alternative, one has to assume that the excited (.4') ions m produced 
in the afterglow. But this is extremely unlikely.) ^ 

At the start, in the first part of the afterglow, there i| naturally high 
concentration of excited {A*) ions derived from the discharge. Hence 
the first negative bands are strong. With the progress of time, there will 
be accumulation of (X*) ions in the ground state in the vibrational levels 
V* = 0, 1, 2^ etc. Now, according to Mitra [71], the ions in the vibrational 
levels (v''>0) and those in the lowest levels (v"' =s 0) will recombine with 
electrons by two different processes. The first by a dissoci^ive recombi- 
nation process and the second by a three body collision process in which 
the third body is a N 2 molecule. 

The first, the dissociative recombination process [73] is discussed in Chap. 
V, Sec. 3, and also in Chap. VITI, Sec. 6(c). In this process the N 2 -molecuIe 
is dissociated producing two nitrogen atoms one in the state and the 
other in the */> state. (See Appendix, Sec. 2, Fig. 15.) The emission of 
the A 3467 nitrogen line in the afterglow, by the transition ^ ^8 is thus 
explained. (The atoms in the state have the extraordinarily long life 
of about 8 hours. .Hence they are de-excited by collision by a radiationless 
process.) 

The second, the three-body collision process is discussed in the note 
above. In this process two excited nitrogen molecules, one in the H-state 
and another in the .4 -state are produced. (See Appendix, Sec. 2, Fig. 17.) 
The emissions of the Vegard-Kaplan bands (A X) and the first positive 
bands (fi-> A) are thus explained. It should be noted in this connection. 



410. 6 


LIGHTS FROM THE EIGHT SKY 


61 » 


that this process of neutralization of the Nf+ ( J') ions was proposed by 
Ultra [64], to explain the ordinary Lewis-Baylei^ afterglow (vide supra) in 
which ofUy selected bands of the first positive system are present and no 
Vegard-Kaplan bands. The absence of the latter is explained by collisional 
de*excitation of the metastable Nf (A) molecules on the walls of the 
afterglow tube. Their'presence in the Kaplan afterglow is explained as due 
to the special conditioning of the glass walls of his discharge tubes in which 
de-excitation on the walls of both {A*) ion and N| (il) molecule is 
prevented. 

The above processes leave unexplained the presence of the second 
positive bands in the ELaplan afterglow. A number of suggestions may M 
made for this. For example, there may be three-body collision involving 
N (*/)) atoms which must have a high concentration on account of long 
life. 

N(*Z>)+N(*2))+Ng^Nt(C)+Ns, 
or, radiative recombination of Ng**’ (Z') ions 

N|+(Z')+«-^N,(C)+Av. 

From the discussion given above the main features of the intensity 
change with time of the lines and bands are easily understood. The after-i 
glow starts with a high intensity of the first negative bands as the 
concentration of ions, derived from the discharge is high. With 

the progress of time the concentration of Nf+(X') in the ground state {v* =* 0, 
1, 2, etc.) increases. Hence, the lines and bands emitted, in course of the 
two recombination processes described above, increase in intensity both 
relatively and absolutely. Towards the end of the glow, those of the 
excited molecules which have long life will be expected to have a relatively 
high concentration. These are N (*P) atoms and N 2 (A) molecules. Hence, 
the emissions from these are relatively strong towards the end of the 
afterglow. 

In view of the discussion above one may say that the active substance 
in the Kaplan glows is the excited N%^{A*) ion and that in the Lewis-Bayleigh 
glow is the N 2 +(Z') ion in the lowest vibration level = 0). Further, 
in the Lewis-Rayleigh afterglow tube the walls are so conditioned that only 
recombination of ions and electrons on the walls is prevented. In the 
Kaplan afterglows in addition, the de-excitations of Nf+(A') ion and excited 
N 2 (.d) molecule on the wall are prevented. 

5. NIGHT AIR-GLOW— PHOTOMETRIC AND 
POLARIZATION STUDIES 

(a) Introduction 

Measurement of the intensity of the night air-glow (for selected 
spectral regions or for the overall radiation) is important for many reasons. 
Thus, the measurement of the absolute intensity of a line radiation enables 
one to make an estimate of the corresponding number of emitted quanta, 
a knowledge of which is important in the theory of the excitation of the 
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Uw. Again, siiniiltaiieoas meararemente of the intemity at different 
senith dietanoee provide data for estimating the height to the gtow-Mnitting 
layer. 

Photometrio measurements show that the brightness of the air^glow in 
tiie different parts of tiie sky is not uniform:. Thme are limited regions or 
patohes wiiere the brightness is greater than the average. (The regidns near 
the hwison are generally brighter than those near the zenith. But this is 
simply due to there being more luminous matter in the line of sight direoted 
towards the horizon than towards the zenith; of. Seo. 6(a)). 

Further; the brightness not only varies from day to day— some nights 
being of ezoeptional brillianoe — but also, it varies progressivdy in course 
of a siogle night. Superposed on these fluctuations are slow variations, 
semi-annual and annual. It has also been found that the average brightness 
Of the air-glow waxes and wanes with the ll- 3 rear solar cycle. We may 
dassify the temporal variations of the brightness of the air-glow as follows : — 

(1) Slow variation related to solar oyole. 

(2) Annual and semi-annual vwiations. 

(3) Diurnal variation. 

(4) Irregular fluctuations. 

These variations ore similar to those exhibited by the electron concen- 
tration of the ionospheric regions [Chap. VI, Seo. 11] and there is strong 
evidence that the two upper atmospheric phenomena — ionization and 
night air-glow may be physiradly related to each other [see Seo. 7]. 

fri what follows we will flrst give brief descriptions of the methods of 
m^lrfag the photomebio measurements. 

(b) Methods of measurements 

Fhotonletrio measurements of the bri^^tness of the afr-glow — ^total 
brightness or brightness due to any particular region of the speotamm — 
may be made visually, photographically, or with photo-electric photometers. 

For visual measuremeiits a simple photometer (Fig. 18) as devised by 
the French school of workers may be employed [4, 68]. The observer looks 
at the lens L with his eye at the aperture 0, the distance between the lens 
and the aperture being equal to the focal length of the lens. One-half of 
the lens is iUnminated by the light from the sky and the other half by 
diffused light coming firom the screen D. The screen D is illuminated by 
light firom the laipp S, A microscope eye-piece L% of short focal lengtii 
(/ ss 26 mm.) forms a smaU image of 5 in the plane C wherean abswbing 
wedge is placed. It is dear that the observer may make the two halves of 
tiie lens L uniformly iUnminated by adjusting the intensity of tiie light 
falHng oa. D with the hdp of this wedge. In order to produce the same tint 
in b^ the halves of the lens, the light from the lamp 8 is made to pass 
through a filter of a dilute sdution of ammoniacal copper sulphate. The 
predafon of the measurement with tihis instrument is quite good when the 
an|^ subtended by the iUnminated snrfooe is large enoui^ (0<1 to 0*2 
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Lord Rayleigh and his collaborators hare used sncoessfiilly filters for 
visual photometry of the three spectral regions — ^red, green and blue of the 
night air-glow [74]. 

For the purpose of comparison the light transmitted throujpi the filter 
was equated to an artificial self-luminous source (potassium-uranyl sulphate) 
which is fluorestent due to the radioactivity of uranium. Neutral tinted 
glasses were used to match the brightnesses. As the glasses had densities 
(logic opacity) O’l, 0*2, 0*3, etc., there was an increase of one unit of bright- 
ness from one glass to the next and the intensities could be measured in 
terms of positive or negative numbers. Brightness zero means that ho 
neutral {(lass is necessary to secure a match, while -f-1 or —1 (for example) 
means that glass number one has to be used over the sky or over the artifidal 
source to secure a match. 

The equipment for photographic measurement in its simplest form may 
consist of a photographic plate exposed behind an aperture, say, 1 cm. 
diameter made in a black paper and separated from it by a woodm board of 
thi ckTMMM 1*5 to 2 cm. The plate would thus receive light from a cone of 
about 14* of the sky. The brightness of the sky observed may easily be 
obtained from the blackening of the photographic plate when the same 
has been previously calibrated. With such an apparatus, an exposure Of 
10 may suffioe to produce sufficient blackening— provided suitable 

photographic plate is chosen. For the photometry of isolated specfral 
regions suitable filters may be used.' 

An inq>rovemeiit of ^ above apparatus is to employ an object glass to 
ga&er more lij^t as shown in Fig, 19. JCtj is sn objective of focal length 
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S(MM>«m. Ajslroalur opening, the lice ofwl 1 iohma 7 .be ▼acied, is placed in 
its fooal plane O. l%is opening limits the regbn of the sky obsenred. The 
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lens Lg behind the screen has a large aperture (about // 1 * 6 ) and it 
throws on the photographic plate P, an image of the exit pupil of 2^. It 
is clear that C being in the focal plane of Zrj, the image on the photographic 
plate will have uniform illumination. If necessary, neutral tinted screens 

dififorent densities may be placed before the objective Li to regulate 
the illnmination. 

The photoelectric photometer in which^ as the name |mplies, a photo- 
eleotrio odl is used for recordii^; the intensity is the most sensitive and 
accurate instrument. It is also extremely useful in studjring short period 
variations of the air*glow brightness. The K-H photo-cell is sensitive 
in the blue-violet region (Vegard-Kaplan bands), and the Cs-0 cell in the 
infra-red region. K-0 cells with filter have also been successfully used for 
measiirement of green-blue region [76]. Elvey and Roach have emplo 3 md 
photoelectric photometry for making a detailed study of the brightness 
of the n^t air-glow [13]. 

Photoelectric photometers have also been specially designed and 
developed for quick measurements of intensity at diflFerent altitudes and 
aaimuthB (as necessary for measurement of the height to the glowing 
■layers). A'tfoccription of such an apparatus, as used by Roach and Barbier 
[76], is given mIow. Por frdler detail ref. [77] should be consulted. 

The sensitive element of the photometer is an RGA -1 P 21 multiplier 
tube. It receives light from, a two-element lens of four-inch aperture and 
four-inch focal length. The patch of the sky to be observed ( 2 ** by 10**) 
is Bmited by a diaphragm in the focal plane. A chopper in the conveying 
light beam produces a 30 oyde/s signal. The multiplier tube increases the 
initial photodectrio current by a fimtor of about one million. The resulting 
current is further amplified by a two-stage A.C, amplifier, the muTimimi 
coirent amplification of which is about 10 *, the sensitivity being controlled 
by the dioice of a number of grid leak resistors in the second stage. The 
recording meter has a range of 0 to one milliampere. The telescope is on 
an alt-aaimnth mounting so that it can be trained to any part of the sky. 
Por any fixed aeimnth it can sweep firom liorizon to the opposite horizon 
and repeat the performance indefinitely. The azimuth-setting can be 
dianged by 82|* at the end of each sweep uid thus the whole sky cui be 
covered in a series of eight horizon to oppodte horizon sweeps. A single 
swe^ requires 4 minutes and a complete survey in a series of 8 sweeps — 
38 minutes. The spectral vegkm (in the visible) to be studied is sdected 
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by meuu of «i interfweaoe type filter (mannfiBMtored by Baird AnMoiatee) 
whioh paasee a band of about 160 A at half intensity. Tvo filters (2 inches 
by 2 inches) are used ; one of these is a control filter admitting a spectral 
region (A 6210) in which there is no prominent night radiation and the other 
indnding the radiation to be studied (A 6677 oxygen or A 6893 sodium). 
A' m echanical shutter placed in front of the lens admits radiation alternately 
through one filter and then through the other filter at 4 seconds interval. 

A similar photoelectric photometer in whioh the sensitive element is a 
gas-filled photoelectric cell (type QM 71-TA, manufactured by the GM 
Laboratories) has been used by Roach, Pettit and Williams for studying 
the infra-red region 6400 A to 11000 A [78]. A Coming filter, Number 
241 was used to exclude all radiation shorter than 6400 A. The sensitivity 
of the arrangement was a maximum between 7000 A and 8000 A (Height 
measurement results as were obtained with these photo-electric photometers, 
will be described in Sec. 6). 

Measurements of night air-glow intensity with photoeleotrio photo- 
meter have also been carried out in Japan [89J. 

(e) Annual and solar cycle, variations — latitude effect 

These variations are beet illustrated by the results of observation and 
analysis as made by Rayleigh and Spencer Jones [74] the pioneer workers 
in this field, during the years 1923-1934 at the three stations Terling, 
England (43° from north magnetic pole, 1923-1934), Canberra, Australia 
(38° from south magnetic pole, 1926-1933) and at Cape Town, South Africa 
(69° from south magnetio pole,' 1925-1933). The measurements were made 
visually in three spectral regions, blue, green and red by means of filters 
as described in the preceding section. The most prominent bands in the 
blue region were the Vegard-Kaplan bands; the green region included the 
green oxygen line and the red region comprised the first positive bands of 
N|, the red oxygen lines and the band at A 6680 now known to be due to 
the OH radical. 

The observational results were subjected to harmonic analysis, from 
whioh two periodic terms— one annual and another semi-annual were 
determined. These are ^picted in Figs. 20 and 21. The variations of 
the mean yearly values of the intensities together with the variarioh of the 
mean sunspot areas for the corresponding period are shown hi Fig. 22. 
The following interesting features of the curves may be noted: 

(i) The amplitude of variation of the green radiation is the largest. 
Next in order are the red radiation (in whioh is included the forbidden red 
radiation of atomic oxygen) and the blue radiation (in whioh the stnmgest 
are the 'Vegard-Kaplan bands). These lesser ^amplitudes may perhaps be 
attributed to the longer life of the metastable W state of the 0-atom, and 

the A-state of the N| molecule respectively from which these radiatimis 
orginate. 

(ii) The amplitude of variation for all the three regions is snudlest for 
Cape Tbwn which is fhrtheat from the magnetio poles. However, if the 
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Fm. 20. Annual periodic terms obtained from harmonic analysis of the variations 
in intensity of the night air-glow spectrum at the three stations, Terling (]&igland, 
43^ from the north magnetic pole)^ Canberra (Australia, 38* from the south 
magnetic pole) and Gape Town (South Africa, 69* firom the south magnetic pole), 
(o) is for the green oxygen line, (6) is for the blue region (Vegard-Kaplan bands) 
and (e) is for the red region (oxygen lines and Ns first positive and OH-bsnds) 
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(e) 


Fio. 21. Semi -annual periodic terma obtained from hamumio analysia of the 
variationa in intensity of the nig^t air-glow spectrum at the three stations, Terling 
(England, 43* from the north magnetic pole), Ganberra (Australia, 88* from the 
south magnetic pole) and Cape Town (South Africa, 60* from the aouth magnetic 
pole), (a) is for the green oxygen line,'(6) is for the blue region (Vegard-Kaplan 
bands), and (c) is for the red region (oxygen lines and Mg Sist positive and 
OH-bands). 
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distanoe from the magnetio pole alone determined the atrengtli of the 
Tariations, then Terling amplitude should have been lower than the Canberra 
amplitude. Actually the reverse is the case. This shows that besides the 
magnetic latitude the geographic location of the place is also concerned. 

(iii) For a given station the variations of the three spectral regions are 
v^ approximately in phase. But, there are marked differences in phases 
for a given spectral region between the three stations. The Terling and the 
Canberra variations are nearly in opposite phase. 

(iv) The variations in the amplitudes of the semi-annual term (Fig. 21) 
from station to station are much smaller than those of the annual term. 

(v) The variation of the mean jrearly value of the green radiation 
(Fig. 22(a)) shows the most marked correspondence with the variation of the 
mean yearly sunspot areas. However, the amplitude of the intensity 
variation is much less tiufn that of the sunspot area variation. The varia- 
tions for the red and the blue regions are again much less. 

Results of observations by other workers also generally confirm those 
of Rayleigh and Jones, viz., that there is a semi-annual period super- 
imposed- on an annual period [79, 80], that at a given station there is 
parallelism between the variations of the intensities of the oxygen lines and 
the Vegard-Kaplan bands [81, 81(a)], that the intensity increases as one 
moves away from the equator [81(6), 81(e), 81(d)] and that there is a general 
tendency for the intensity to increase with the spottedness of the sun, the 
change in the green line being quite marked and that in the red lines and Ng 
bonds very little. It is to be added that the mean intensity of the sodium 
D-lines has also been found to undergo annual variation like the oxygen 
lines. According to Dufay’s observations [81(a)] the intensity in summer 
is five times feebler than in winter. But, on individual occasions it can be 
40 times as feeble. 

The variation in intensity of the spectral region yellow to near-infra-red 
(AA 6800-9000) has been specially studied by Orandmontagne [82]. He 
reports three maxima (instead of two of the other workers in the visible 
region), one in November, one (smaller) in March and one about June-Jnly. 

It is interesting to note that Dufay [81(a)] reports a 27-day recurrence 
tendency in the intensity variation of the green oxygen Jine. 

(d) Diurnal variations 

The nightly variation of intensity of the spectral components of the 
night air-glow has been studied in different parts of the world. The 
interpretation of the observed results is complicated by the frequent presence 
of irregular variations (vide infiv) superposed on quasi-regular nightly 
variations. It is, therefore, necessary to consider observations on ‘quiet’ 
nights. 

The quasi-regular variation may consist of a slow fall and rise with 
a minimwm round midnight [66, 86; 87], or, a rise in the earlier port of the 
nij^t and then a foil after attaining a maximum round the same hour [83, 
84, 86].. According to Elvey and also Dufoy [86, 81(a)] there are also quiet 




Fia. 23(a). Illiistratiiiff the type of vairiation in ^vhioh the intensity of the ni^i air- 
glow deoreaees aemght p r o g r e ss, attains a minimum near about the local midnight 
and then rises again. The variations are interpreted to be due to the red OH -hands. 
(Afteir Elvey.) 
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nij^tB in which the intensity fiitlls stesdily with the piogiess of tho night. 
In Fig. 23(a) and in the upper pert of Ilg. 23(5) the nightly vuriations of the 
types, midnight m in i mum end steady fidl, are shown after Elvey [86], 
(The sharp rises in the early morning and in late evening are twilight effects. 
See Sec. 7(6)). In Fig. 24 the type of Tariation with midnight maximum 
is shown after Roach and Pettit [96]. Such a variation has also been 
observed by Du&y. It appears that the two types of variation — ^mid* 
night minimum and midnight maTimiim — prefer to emissions firom different 
heights. Thus the curves in Fig. 24 (midnight maximum) are for the green 



Fio. 24. Illustrating the type of variation in which the intensity of the night air-glow 
increases with the progress of the night and then falls after attaining a maximum. 
The curves are for the green oxygen line. (After Roach and Pettit.) 

oxygen line and those in Fig. 23(a) (midnight minimum) may be interpreted 
as referring to the red OH-bands [78]. A reference to Table II, Sec. 6, shows 
that while the height of emission of the OH>bands is 76 km., that of the green 
oxygen line is 250 km. (Roach and Pettit, Karimov). 

Superposed on the quasi-regular variations described above there are 
irregular variations as depicted in the lower port of Fig. 23(6) after Elvey. 
These we now proceed to discuss. ^ 

(<) Irregular fluctuations 

It has been noticed by all observws that there are nights characterized 
by unusual brightness of the sky. These are not attributable to auroral 
displays. According to Karandikar [87] the VMriations of intensity on such 
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nights nre slao sbnormsl and the Tuiations axe analogous to the different 
speofaral rogions. 

According to Roach «nd Pettit there is present in the upper atmosphere 
fixed excitation patton on the dark side of the earth, through which a giren 



Fbs. 26. laophotol. plot* of the fixed exoitatloa pattern for the green oxygen radiation 
oe existed over Cootue Peak (centre of the eirole), Mojave Desert, South California, 
at midiii^ on January 6/7, 1951. The map is hosed on a height of emission of 
260 km. xhe figures multiplied hy 10* give the intensity of emission in number 
of jfiiotoaa emitted per em.* oolurnn per see. (After Boooh and Pettit.) 


(tocrver seems to move with the rotation of the earth. Fig. 26 shows the 
portion of the pattern (isophotal plots) to the green oxygen radiation as 
existed over the observing station, Cactus Peak, Mojave desert. South 
Califomia on January 6/7, 1961, at midnight [96]. 

It is now established that irregular fluctuations of night air-glow 
intensity are dosdy related to magnetic activity. This is in accord with 
the observations of Rayleigh and Spencer Jones {vide supra), vis., that the 
mean intensity is greater in higher latitudes, because, the magnetie activity 
is known to inorease as one moves towards the poles. 

The interesting curves in Figs. 26 and 27 are due to Barb«r. Hehascom- 
pared seasonal and diurnal variations of the intensity of the night air-glow 
as observed at Hamilton, California wiUi magnetio activity as recorded at Mt . 
Wilson situated at a distance of 300 miles. It will be noticed in Fig. 26 that 
the seaB<mal variations of the two follow each other closely. In Fig. 27 the 
diurnal variations of the two are compared. Etore, again, there is dose 
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Fio. 26. Oompariton of the aeaabnal variatione in the intensity of the night air-gloir 
(_) with the mean diurnal variation in H(- - -). The former is recorded at 
Mt. Hamilton and the latter at Mt. Wilson at a distance of 800 miles to the south* 
east. The night sky luminosity is given in arbitrary scale. (After Barber.) 



Fio. 27. Ck>mparison of the diurnal variation in night diLy activity with thait of 
magnetic activity. , The former is recorded at Mt. Hamilton and the latter at* 
Mt. Wilson 800 miles south-east. Activity of the nigh^ sky light is the pioduet 
of hourly mean and hourly isoge of luminooity. (Alter Barber.) 




vmBAruoBBsmm <mAt.z 

paMlleliam between the two It ie to be noted thet in both oases 

tile disturbed hours tend to ^roup around midnight. 

Some intiresting obsenrathms on the gradual shift of the phase of the 
intensity variation in course of a night have been reported from Japan 
[89]. The obisrvations were made on the OH band at A 10450 and on the 
red orpgen lines at A 8300 in tiiree directions, viz., zenitii and 35° and 20° 
altitude nmrth; . It was found that tiiere was a gradual shift of the phase of 
tile variation firom north to eoutii. A— nming tiiat the height to the emit*'' 
ting layer was 300 km. (vide infra), th» velocity of the shift was found to be 
about 220 m/s. These observations were in ooi^rmity with the observations 
on the movements in the ionospheric regions {E$ for example) from north 
to south made in the same country [90]. The author, however, is of opinion 
that the shift is to be explained rather as due to movement of some influence, 
on the ni^t sky than to movement of any material of the upper atmosphere. 

(/) Absolute Intenaitleo of the spectral radiations 

The pioneer measurements on absolute intensity are those of Lord 
Raylei^ [01] who obtained for the green and the red atomic oxygen 
radiations the values 2x10* and 1x10^ transitions per second per sq. cm. 
column respectively. These results have generally been oonflrmed by later 
measurements [92]. 

Measurements of the sodium D-lines have yielded values between 
2x10^ and 8x10^ transitions per sq. cm. column per second [57, 94, 123], 

Measurements on OH band systems have been carried out with photo- 
eleotrio photometer sensitive from 6400 A to 11600 A [78]. The average 
absolute intensity is found to correspond to o'SxlO* transitions per sq. 
cm. per second. The total intensity integrated in the entire spectral 
region under consideration was estimated to correspond to 4x10** 
transitions p^ sq. cm. column per second. 

It is to be remembered, however, that the intensities of all the spectral 
components of night air-glow fluctuate within wide limits specially on 
disturbed nights. The above may be taken as representative values for 
quiet nights. 

(g) PolarizatiCn measurements 

The light of the night air-glow has been found to be partially polarized; 
the proportion <pf polarized light is, however, quite small — ^two to four per 
cent only. The plane of polarization is found to pass constantly through the 
sun. Very precise measurements of polarization have been made by Dufoy 
[20] w^L|.particular reference to the polarization of the zodiacal light. 
TheJ[mnt of polarization, which may be estimated from the depolarization 
fedl^^aries slightly with the progress of night, i.e,, with the position of the 
snU with respect to the region pf the sky observed. [The ratio between the 
iMiwtininwi and the mximwm of light transmitted through the anafyzing 
nicol when it is rotated found the line si^^t is called the depolarfeatkm 
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factor p. The proportion of polarized light is giren by (l*-p)/(l+p).] 
Fig. 6, upper curve shows after Dufay the variation of depolarizatira fisetor 
with the angular distance from the sun. The region of the sky observed was 
in the meridian towards the north. It will be noticed that there is a sU|^t 
depression of the curve when the angular distance of the sun is Sibout 65*. 
The same author has also measured the depoUurization factor for the zodiacal 
light in the region of the ecliptic. The results are plotted in the lower 
curve of the same figure. It is at once noticed that the zodiacal light is more 
strongly polarized than the light of the night air-glow. Further, the general 
trend of its varmtion is similar to that of thdi. night air-glow. It may be 
suggested for this reason that the polarized component of the night air-glow 
is due to an extension of the zodiacal light. [See also Selc. 2(a).] 

Khvostikov [96, 97] made some observations during 1938-1939 on the 
polarization of the oxygen lines A 6677, A 6300 and the sodium line A 
6890, at Sim6ise, Crimea. He found the following results amongst others. 
The degree of polarization varies between 9 to 17 per cent. The variation 
is similar in the three oases. The plane of polarization is always in the 
region of the direction perpendicular to the plane passing through observer, 
the pole and the sun. The measurements were made in the region of 
the Pole Star. 


6. HEIGHTS OF THE LUMINESCENT LAWYERS 
{ay Van Rhljn method . 

The method of measuring the height of a luminescent layer is based 
on the assumx)tion that the thickness of the layer is small compared to tiie 
radius of the earth, and that its luminosity is uniform over large geographical 
distances [97(a)]i It is obvious that the intensity of light received from 
such a layer, from any direction, would be proportional to the amount of 
luminous matter traversed by the line of sight in that direction. Thus, if the 
layer is assumed to be horizontal and fiat (neglecting the curvature of the 
earth), the zenithal intensity Iz and the intensity in a direction inclined 
at an angle 0 to the vertical will be related by 

Ig « Iz sec 0. 


If the curvature of the layer is taken into account then. 


where a is given by. 


Ig = Iz BOO a 


a and h being respectively the radius of the einrth and the height of the 
luminescent layer. Thus, the ratio of the intensity in the direction of the 
zenith to that in some direction, at zenithal distance 0, enabUn one to 
compute h, the height to the emitting layer. We note t^t the intensity 
34 
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ratio inoreases from unity at zenith, to a finite value greater than 
unity near the horizon — ^the variation with zenith distance being a function 
of height. (A thin layer has been assumed; but it can be shown that within 
reasonable degree of accuracy the method gives the mean height of a thick 
layer [36].) 

(b) Extinction corrections 

Important corrections have, however, to be applied to the simple 
formula given above, because, the sky intensity as observed does not 
represent the true brightness of the sky in the region of observation. The 
light received suffers * extinction’ in its path and to it is added the light 
scattered from the lower atmosphere. As a result of the former the observed 
intensity, instead of increasing with increasing zenith distance (as according 
to the simple formula given above) actually decreases near the horizon 



Fzo. 28. Illustrating van Rhijn technique of measuring the height of a luminescent 
layer. Theoretical curves are drawn showing the variation of g with zenith 
distance (after making corrections for extinction and scattering) for different 
assumed heights of the emitting layer. The height corresponding to the particular 
curve which fits best with the observed curve is the height of the emitting layer. 
The points lying on the 250 km. curve were obtained by Roach and Pettit [95] 
for the green oxygen radiation. Hence, the height of the corre^onding emitting 
layer is 250 km. {NoU : Read for J«//o in the ordinate scale.) 


going through a maximum at a zenith distance of about 70^ to 85^ depending 
on the feight of the emitting layer. As a result of the latter (contribution 
by scatter^ light) there is increase in the observed intensity with increasing 
zenith distance. This partly compensates the effect of the former, though 
the general shapes of the curves remain unaltered. (See Fig. 28.) 

34B 
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Barbier has worked out a method for eliminating the effeots of absorp- 
tion and scattered light. His original method is described in ref. [67]. A 
method developed later which is claimed to be simpler and quicker is as 
follows [99]. 

-The apparent brightness I* of the sky in the direction of zenithal 
angle 0 may be written as 

ii«Kie+r;. 

Here Ig is the true brightness, Klg that reduced by atmospheric extinction 
and /g is the contribution to by light scattered by the lower atmosphere 
into the line of sight. 

Remembering that Ig = 7, sec a, the ratio of the apparent brightnesses 
for two directions $i and 0^ may be written as, 

(In the last expression Tj and have been put equal to Kgjt, and 
respectively). 

Now and Kg^ (or T\ and axe obviously functions of the direc- 
tion of observation (0) and the height to the emitting layer {h). According 
to Barbier the scattered light term (7^) can also be expressed as a function 
of 6 and h involving the quantity T as, 7^ = {1—T)J{0, h) where J(0, h) 
is of the form cos^ $. The quantities F, and Ft axe independent 

of $ but vary with height and have been tabulated by Barbier. Thus, 
the ratio of the apparent brightnesses for two zenithal distances $i and 
(for any given radiation) may be written as 

^01 ^ Tj sec ai-Kl— 7'|)/(ft, $i) 

jA Ti sec «,-|-(l -Ti)J(h, $t) ■ 

*1 

The expression on the right is evaluated for given values of 0i and 
02 (Ti and T 2 being known) with different values of h and the values are 
plotted with ^ abscissa. The value of A in the plot which corres- 
ponds to the value of as observed gives the most probable height to 

the luminescent layer. 

The above method of corrections for absorption and for scattered light 
has generally been adopted by the French school of workers. 

Formula for extinction has also been proposed by Piotrowski [100]. 
Also, the extinction formula as proposed by Chandrasekhar [101] can be 
adapted for night air-glow intensity study. However, it has been shown by 
Barbier [102] that the results obtained with the help of these formulas do 
not differ greatly from those obtained with his formula, particularly, if 
higher approximations are taken. 
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In the U.S.A., Elvey end Farnsworth, who have carried out extensive 
measurements on night* air-glow intensity, have assumed arbitrarily for 
purposes of calculation, the effective value of the extinction coefficient 
to be one-half of the stellar extinction coefficient for the wavelength under 
consideration. According to these authors the many uncertainties involved 
do not warrant a more exact procedure. ' 

Considering the fact that the luminous region is an extended source 
and the radiation is diffuse rather than colli^ted, Hulburt prefers for 
calculation of atmospheric absorption a formula due to Schuster [103] 
which is specially applicable to such oases rather than any exponential 
formula. Thus if is atmospheric attenuation for collimated light, the 
Attenuation of diffuse radiation by a scattering medium is given by « 
IJ(l +P) and l 0 sec $) where y takes account of the curvature of 

the earth. 

It may be noted that some observers also take into account the effect 
of absorption by the ozone layer (Dufay and Toheng-Mao-Lin). 

Estimation of the height to the emitting layers made even after correc- 
tions for extinction and scattering suffer, however, from a very grave 
handicap. The basic assumption in the van Rhijn type of formula is that 
the emitting layer is of uniform brightness. This assumption is not at all 
justifiable. Instead of a uniform brightness there are bright patches which, 
in all probability, move about. Under such condition the application of 
the van Rhijn type of formula becomes meaningless. For this reason some 
workers attempt to eliminate the uncertainty by taking a sufficiently large 
number of observations so that the effect of non-uniformity may be averaged 
out. Others have first determined the azimuth in which the luminosity 
appears to be most uniform and utilize readings only in this azimuth when 
making calculation. But even in such cases there is quite a large scatter 
in the calculated values. 

For actual estimation of the height with the observed data the following 
procedure is often adopted. A set of theoretical curves, with I^IIg plotted 
against zenith distance (after making corrections for extinction and scatter- 
ing) for different assumed heights, is first drawn (Fig. 28). From these, 
the curve which agrees best with the observed curve is picked out and the 
height for which this curve has been drawn is assumed to give the height 
of the emitting layer. For the cases, in which /^//« is measured for only 
one fixed value of $ (round 80^), the average value, or the value which 
occurs most frequently is taken and the height calculated therefrom. 


(c) Results of measurements 

Results of some of the height measurements as made by the van Rhijn 
technique are given in Table II. (To avoid confusion the Table does not 
include the height measurements of sodium layer as made from observations 
of the twilight fiash. This is discussed in See. 0.) 
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TabuiII. 

of glow-tmitting layer* 


Observer 

Radiation 

Height 

(Kilometre) 

Remarks 

Cabannes, Dufay and 

Yellow (Sodium) 

130 

Measurements made in 

Oauzit(193»)[93] 


France. 

Elvey and Farnsworth 
(1942) [36] 

Red and green 

200 to 

Measurements made with 

(Oxygen) 

500 

prism spectrograph at a 
number of stations in 
North and South 

America. Correction 

made for extinction ; 
is for 5® above horison. 

Dufay and Teheng- 
Mao Lin (1041-44) 
[108] 

Green (Oxygen) 

100 

Measurements made with 
prism spectrograph at 
Haute Provence, 

Red (Oxygen) 

180 

France. Correction 
made for absorption by 
ozone in addition to 


Yellow (iSod.iim) 

80 

that for extinction. 
Large scatter in the 
results. 

Vassy and Vassy 

Rod (Oxygen) 

750 

Measurements made with 

(1943-46) [106] . . 

100 

photo-electric photo- 
meter at Pic -du -Midi, 
Franco, For the red 


Green (Oxygen) 

100 

75 to 
100 

there are two layers; 
the intensity of the 
lower is about one- 
tenth of the upper. 
For green there are 
also two layers ; the 
intensity of the lower 
is about one-half of the 
former. Extinction 
corrections made. 

Vassy, Abadie and 

Green (Oxygon) 

7 l,0fl0to 

The height drops from 

Vassy (1949) [104] 

Red (Oxygen) 

j 400 

1,000 km. to 400 km. 
with the progress of the 
night. 

Karimov (1947) 

Green (Oxygon) 

260 


[106(a)] 

Hulbert (1947) 

[107] 

Total radiation 

100 

Measurements made witli 
Macbeth illuminator 

1 and low brightness 

1 photometer at Brazil 

(17® 12-8' S., 43® 41' W,) 

Roach and Barbier 

Green (Oxygen) 

no 

' Monsurements made with 

(1948U94] 

Yellow (Sodium) 

310 

1 plioto -electric photo- 
j meter at Cactus Peak, 

1 Mojave Desert, U.S.A. 

Roach, Pettit and 
Williams (1950) 
[129] 

Roach and Pettit 

Infra-red; strongest 
radiations 10000 A 
to 11000 A (OH) 
Green (Oxygen) 

70 

1 o 

j Same as above. 

(1951) [95] 

Rod (Oxygen) 

Yellow (Sodium) 

1 

Same as above. 
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7. EXCITATION PROCESSES— NIGHT AIR-GLOW 
AND TWILIGHT FLASH 

(a) Night air -glow ^ 

The proposed theories for excitation of the observed lines and band 
systems in the night air-glow spectrum must not only provide for the 
necessary amount of energy at the required potential but also explain the 
observed variations and heights of the emissions. None of the theories 
proposed so far rigorously satisfy all these conditions. But, before discus- 
sing these theories it would be instructive to enquire into the ultimate 
source of energy which the air-glow represents. 

(i) Source of energy ^ — It has already been mentioned that the intensity 
variation of the night air-glow consists of an irregularly fluctuating part 
and of a quasi-steady part. The former, as has been pointed out, shows 
strong correlation with magnetic activity and, as such, its excitation may 
be attributed to the same source as causes the aurora and magnetic 
disturbances, namely, charged particles shot off from the sun [88]. The 
charged particles move in curved paths under the influence of the magnetic 
field of the earth and, by bombarding the upper atmosphere in its dark 
side, produce patches of irregular illumination. As has been discussed in 
Chap. VIII the charged particles ordinarily concentrate in the so-called 
auroral belts situated 23^ from the magnetic poles; but, during magnetic 
storms, they arrive in lower latitudes. The fact that the strength and the 
frequency of the irregular variations are related to the magnetic latitude 
of the place also confirms the view that their origin is the same as that 
of the aurora and magnetic disturbances. 

As regards the quasi-steady background, the ultimate source of its 
energy must be the energy of the ultraviolet rays of the sun spent in ionizing 
and/or dissociating the upper atmospheric gases during daytime. After the 
withdrawal of the solar rays, the dissociated and the ionized products react 
amongst themselves reproducing the original bodies and in the process 
release the stored energy as radiation. An interesting question arises in this 
connection. How the stored energy is released slowly and is not dissipated 
quickly after the withdrawal of the exciting solar radiation ? One recalls 
in this connection that the glow in a discharge tube, unlike the glow of the 
night sky, disappears within a fraction of a second as the source of excita- 
tion is withdrawn. The reason of this difference is not far to seek. For the 
case of the discharge tube recombination of the dissociated and the ionized 
bodies proceeds partly in the volume of the gas and partly on the walls of 
the tube. The rate of the latter is, how^ever, very much faster than that 
of the former, so that practically all recombinations take place on the wall. 
Since in the upper atmosphere there is no 'wall-effect* the recombination 
proceeds only in the volume and is slow. 

It will be interesting to inquire more closely into the part played by the wall of 
the discharge tube in promoting recombination, as this will give us some insight into 
the nature of the recustions which are likely to proceed in the upper atmosphere. Recom- 
bination of an electron and an ion is a complicated phenomenon because every approach 
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of an electron to an ion does not result in the capture of the former by the latter. The 
electron at a point near the ion possesses additional kinetic energy due to its free fisll by 
attraction of the ion to the point under consideration. The electron therefore will be 
expected, on classical theory, to move past the ion in an hyperbolic orbit when it comes 
within close range of the attraction of a positive ion. In order therefore that the 
electron may settle down to a closed orbit, it is necessary for it to lose a part of its 
energy. This it can do either by radiation or by collision with a third body during the 
interval of its close approach. 

In regard to the former — ^the so-called radiative recombination process^theoretical 
considerations show that though it has a finite probability, its coefficient is very small 
boing of the order 10 cm.*/sec. [109]. The radiation which occurs lies beyond the 
region of regular line spectrum and observations show that the intensity of such 
radiation is very feeble. Regarding the absorption of energy by a third body — ^the 
so-called three-body collision process — it is found that its probability is large only for 
comparatively high gas pressures. For such cases, the coeiliciont of recombination 
may bo deduced from the formula of J. J. Thomson [110]. Approximate estimate 
(since J. J. Thomson's formula is applicable only to high pressures) shows that for 
pressures as encountered in the discharge tube (of the order of few tenths of mm. of 
Hg) the coefficient of recombination by three-body collision is extremely small. (See 
Chap. V, Sec. 2.) 

An effective three-body collision may, however, occur in which the throe bodies 
need not collide simultaneously, and for which the probability of recombination is 
much higher. For instance, an electron may first collide with n neutral particle (M ) 
and attach itself to the same to form a negative ion (M“), The negative ion so 
formed then collides with another neutral particle (N) or with a positive ion. In the 
first case the following reaction may occur 

(high energy). 

The two particles combine to form the molecule MN and the energy released is 
carried away by the electron as kinetic energy. The attached electron thus acts as 
the third body. Part of the energy may also bo taken up by MN as energy of 
excitation, in which case the energy carried away by the electron is correspondingly 
less. 

If the negative ion collides with a positive ion then the following reaction 
may occur, 

M^ (excited) + X (excited). 

This is the process of so-called electron transfer in which both the reacting particles 
are neutralized and the energy of neutralization is taken up by tlio reaction** products 
partly as excitation energy and partly as kinetic energy. The probability of the process 
is high if the whole of the energy is taken up* as energy of excitation. (See, however, 
infra; next subsection.) 

An alternative probability is the reaction 

M' -f (excited), 

in which the two ions combine to form a molecule and the released energy is taken 
up as energy of excitation of tlie molecular product (MX). Hero again the probability 
of the process is high only when the molecule (MX) possesses an excited state the 
energy of which is nearly the same ns that liberated on recombination. 

Simple calculations, taking into account tho number of collisions which the reacting 
particles make per second show, however, that if the ions and tho electrons were to 
disappear by any or all tho above reactions occurring only in tho volvme of tho gas in 
tho discharge tube, then the rate of tho recombination would bo so slow that it would 
take seconds or oven minutes for tho ion donsity to fall to a sm ill fraction of its original 
value. The glow in such case continues for an appreciable time instead of disappearing 
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almost simultaaeously with the withdrawal of the exciting voltage. ( Vide the note in 
See. 4(<Q.) 

It is therefore evident that there must be some process other than the reactions 
proceeding in the vohime by which the electrons and the ions disappear so quickly. 
This other process is reaction on the waU of the discharge tube in which the wall acts as 
the third body. The electrons striking the wall remain there as a surface charge ; 
the ions arrive afterwards and combine with the electrons giving up the released energy 
to the glass wall. Since a solid has a vexy complicated structure and can take up 
the released energy in one of its many excited states the probability of the process 
is very high; practically every encounter of an ion with an electron on the wall is 
successful in producing the recombination. Further, since the number of electrons 
striking the wall is enormously larger than the number colliding with the charged or 
uncharged particles in the volume of the gas, the rate of recombination on the wall 
is very high indeed. The q>aoe density of electrons and ions in the discharge tube 
therefore falls to a negligibly low value, within a small fraction of a second, after the 
exciting voltage has been withdrawn, and the glow disappears. 

(n) Atomic oxygen lines and Ng bands . — simple process of ionic 
recombination between negative ions of oxygen atoms and positive Ng 
ions by electron transfer, as indicated in sub-section (i) above, has been 
proposed by Mitra [111] and also independently by Nicolet [112] to explain 
the excitations of the 0-lines and the Ng-bands : 

N2+(Z')+0-->Ng(B)+0(iS) .. (I) 

If the electron affinity of 0-atom be taken as that given by Lozier [113}, 
viz. 2*2 eV, then, since the ionization potential of Ng for the Ng*^(X') state is 
16*68 oV, the energy released on neutralization is (16*68—2*2) eV= 13*38 eV. 
This energy is sufficient to raise the neutral Ng molecule to the v' = 9 level 
cif the B state (9*1 eV) and the 0-atom to the state (4*2 eV). There is 
thus almost exact energy balance. The oxygen atom excited to the "^8 
state drops successively to the and the states emitting the green and 
red lines (see Fig. 17). And, the Ng molecule excited to high vibrational 
levels of the ]&-state drops successively to -state and thence to the ground 
JT-state emitting the first positive and the Vegard-Kaplan bands. (For 
energy level diagrams of 0 and Ng see Figs. 16 and 17, Appendix, Sec. 2.) 

A satisfactory feature of the hypothesis is that the one and the same 
reaction explains the emissions of both the 0-lines and the Ng-band systems. 
In all other theories pro^ioscd two sets of reactions are suggested, one for the 
0-lines and another for the Ng-band systems. 

It has been shown by Ghosh [116] (making plausible assumptions regard- 
ing the number densities of the particles involved) that according to process 
(I) the number of transitions per second in one sq. cm. column is 4*9 x 10^. 
This is in good agreement with the value as obtained by Rayleigh from 
measurement of the absolute intensity of A 5577 radiation [115]. 

Mitra has suggested that the emitting region in the night sky is closely 
related to, if not actually identifiable with the F-layer of the ionosphere. 
In support of this, observational evidence is adduced that on disturbed 
nights, on which both /n,ax. ^ and the intensity of the night sky vary 
abnormally, the tw^o variations follow approximately the same trend [117] 
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as shown in Fig. 30. It is to be noted, however, that too close a correlation 
for short period variations cannot be expected. This is because the 

ionospheric measurement 
gives only variations in the 
^ maximum number density of 

\ electrons. It does not say 

*^ 40 - \ anything about the variation 

\ i5-t6 FEB. 1945 of the total number of elec- 

^30- \ trons on which the intensity 

V of the night air-glow depends. 

20 - \ For example, the number den- 

sity may increase due to con- 
10 ‘ ^ traction by cooling of the 

.... "" region as a whole. But the 

number * of electrons in 

|fc . y column in such case 

® y ® will remain more or less con- 

^ 5 ^ 0 - stant. 

I It may bo mentioned in 

iz-oo 2 ^ °^cALme°^ om otco this connection that Japanese 

Fio. 30 . Comparison of tho variation of night air- workers report that they have 
glow intensity and of the maximum ionization obtained correlation, though 
density of Rogion F in an abnormal night. The not very definite, between 
particular night of observation was also one of variations in tho intensity of 

the red and green oxygen lines 
on the one hand and the variations of F-ionization on the other [118]. For 
the OH band {vide infra) there was positive correlation and for the oxygen 
lines, negative correlation. It is not, however, stated if particularly 
disturbed nights of ionospheric storm were selected for observation as in 
the case of Calcutta observations. 


It should be mentioned that criticisms of the theory of ionic recombina- 
tion of Mitra as sketched above have been made on the two following 
grounds [119, 120]. 

A quantal study of mutual neutralization by ionic recombination [121] 
has shown that the most rapid of sueh processes are not those w^hich have 
exact energy balance (as emphasized in Mitra's theory) but are those which 
are exothermic by a few volts. This conclusion has, however, been ques- 
tioned by Bennett and also by Sayers [122], 

The other objection is that the total number of X 2 + ions in the upper 
atmosphere is too small to enable the reaction to proceed at the required 
rate [120]. 

As an alternative to the process proposed by Mitra one may consider the • 
original suggestion by Chapman [124] in which the source of energy of 
the night air-glow is to be sought rather in the energy of dissociation of the 
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Atmospherio oonstituents (Os and probably Ns), than in the energy of 
ionization as in Mitra’s process. 

For the excitation of the 0-lines a three-body collision as follows maybe 
possible 

O-fO+O-^Os+0*. 

A similar suggestion cannot be made for the excitation of the Ns bands 
because the probability of the analogous process is extremely low. The 
reason for this is that while in the Os molecule no electronic transition is 
involved, in the Ns molecule it is not so [125]. The two nitrogen atoms 
in the normal state cannot approach each other along any potential 
energy curve from which there is allowed transition to a bound state (See 
Fig. 18, Appendix, Sec. 2 ). To obviate this difficulty Ta-You Wu [114] 
suggests that one of the colliding atoms might be in the long-life metastable 
state ^D. However, this needs an impossibly large concentration of such 
atoms. It is, however, to be noted that if Gaydon’s value of dissociation 
energy (9-76 eV) is adopted [139], then there is at least energy balance for 
the following three body collision process 

N-f N-f N 2 ->N 2 (X).fN 2 (£), 

in which one of the N 2 molecules on the right is raised to a high vibrational 
level of the B state {v' = 8 , 9 or 10 ) and the other to some low vibrational 
level of the ground state N 2 {X). From the former the first positive bands 
(B-^A) and then the Vegard-Kaplan bands (A->X) are emitted. 

(iii) Herzberg and atmospheric hands of O 2 . — ^A three body recombination 
of 0 -atoms as follows: 

0+0+M-^0^*+M, 


has been suggested for the excitation of these bands. For three body colli- 
sion processesjbhe coefficient is of the order lO*’®^ cm.®/sec. If in the process 
electronic transition is involved then the rate is much smaller. However, 
for the above relation the coefficient needs be small. 

(iv) D-lines of sodium , — ^A cyclic process is generally proposed in which 
sodium atoms form sodium compounds (NaH or/and NaO) and the compound 
is then dissociated by collision with O-atoms yielding excited sodium atom 
£124]. . 

Regarding the formation of the sodium compound various reactions 
may be imagined, e.g., 

Na -|- O 2 “t" “►Ha02 “1“ Jf 


and then 
also/or 


Na 02 + 0— ►NaO -f- O 2 . 
Na02+H->NaH-f-02. 


A reaction with O 3 as follows has also been suggested, 

Na-f08->Na0-|-02. 
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The dissociation of the sodium compound and the excitation of resulting 
Na atom may proceed as follows: 

Na0+0->Na*+02 

NaH+0->Na*+OH. 

According to Bates and Nicolet [123] the former of the two reactions is 
possibly endothermic but the latter is certainly exothermic. 

It should, however, be pointed out here that from a close examination 
of the various possible collisional processes which may excite the sodium 
atom Bates and Nicolet [123] have come to the conclusion that for any of 
the above processes to be effective, the effective level of emission cannot 
be much above 70 km. If, therefore, the emitting layer be in the region of 
F-layer, as measured by Roach and Barbier (see Table II, Sec. 6), one has 
to seek some excitation process different from those discussed above. 

In this connection one may consider the possibility of emission in course 
of neutralization of the Na*^ ions (which are undoubtedly present in large 
proportion) [126]. For example, it may be imagined that in the radiative 
recombination 

Na+ +e-^Na*+Ai/, 

the neutral sodium atom is excited to some high energy level of the S, P, D 
or F state and thence drop to the *P state, from which the P-lines are 
emitted. In such case, emissions of some of the higher members of the 
sharp or the diffuse series should also be expected in the air-glow spectrum. 
Rut, most of these lines may be in the region of the N 2 bands and in the 
ultraviolet within the Herzberg bands and thus escape detection. It 
might be mentioned that the presence of A 3303 has been reported by some 
workers. 'Another possibility is ionic recombination analogous to process 
(I) discussed in sub-section (ii) above. Thus, 

Nat -[-©■"-►Na* -f 0. 

Since, ionization potential of Na is 6'12 eV, electron affinity of O is 2*2 eV 
and excitation potential of Na to the *P-state is 2*1 eV, there is an excess 
of 0*8 eV over exact resonance. If, however, we adopt Vier and Mayer’s 
value [127] of electron affinity of O, namely 3*0 eV [which appears doubtful 
(see p. 623)], then there may be exact resonance. 

A closer examination of the two last named processes shows that 
both of them are untenable. For radiative recombination an impossibly 
high concentration of Na+ ion is necessary. For the mutual recombination 
process, though the initial concentration is reasonably low, it is not 
sufficiently large to maintain the observed constancy in the rate of 
emission throughout the dark hours of the night. There must, therefore, 
be some process by which the neutral Na atoms produced are being 
constantly re-ionized during the night. »Such night time re-ionization may 
be imagined to be produced by impact of extra-terrestrial particles. 

Alternatively, one may imagine that sodium atoms entering the upper 
atmospheric regions from interstellar space are being excited by collision 
with atmospheric particles. 
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(v) Jfeinel bands (OH).— According to odOiMiiporaxj ideas the OK 
bands are emitted during, rather than after, the formation of the OH radical 
[128]. (See Sec. 8.) The most likely process is two body ooUision between 
H atom at Os molecule as follows: 

H+08->0H*+02. 

The energy released in the process is just sufficient for the 9th vibrational 
quantum number level which is the highest observed in the bands. The 
photon yield for this process at the 65 km. level is found to be about 3 x 10^ 
per cm.8 per sec. This is in conformity with the result of photometric 
measurement according to which there is an emission of 4x10^^ photons 
per sq. cm. column per second in the wavelength range AA 6400-11600 [120]. 
If the emitting layer is taken as 10 km. thick, then this means that 4x 10^ 
photons are emitted per cm.^ per sec. However, if account is taken of the 
fact that the emission extends far into the infra-red region of the spectrum, 
the total emissioa may be of the order 1 x lO^^ photons per cm.> 

Another possible process of excitation has been suggested by Kras- 
voski [129a]. According to this process large amounts of NsO is formed 
as a result of three-body collision in the region where O 2 is dissociated. 
The NsO mbleoule then reacts with atomic oxygen forming nitrogen and 
excited O 2 molecule. The latter on collision with H atom yields excited 
OH. We thus have the reactions : 

N2+0+Jf->N20+3/ 

N2O+O -►N2+O2 

0;+H 

However, the proposed mechanism may be criticized on the ground that 
the process can be effective only in the region where O 2 is copiously 
dissociated, i.b. round 100 km. and above. And this height is much 
greater than the measured height of the region from which OH bands are 
emitted (see Table II). 

(3) Twilight flash 

The solar ultraviolet rays besides ionizing and dissociating the upper 
atmospheric gases must also be expected to produce optical excitation of 
the atoms and molecules in the same. Radiations due to such excitations 
cannot obviously be detected during daylight hours. During the morning 
and evening twilights, however, when the rays of the rising or the sinking 
sun illuminate the high regions of the atmosphere (see Appendix, Sec. 1) 
radiation flashes due to such excitations are observed. (It may be 
mentioned that there has been contemporary attempts to observe daylight’ 
air-glow mfro rockets at high altitude. See Chapter XII.) A convenient 
way of studying the twilight flash is to point the instrument to the eastern 
or the western sky a few degrees above the horizon and make observations 
when the sun is rising from below the horizon or sinking below the same. 
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In ihe presont seotion we will disouse (he ' twilight dash i.e, considerable 
enhancements in intensity — ^(en to hundred times — ^that have been obserred 
in the oases of the following lines and bands: 

(i) Red oxygen lines. 

. (ii) OH band A 6660. 

(iii) Yellow sodium lines. 

(iv) First negative bands of 

(i) Red oxygen lines . — ^Idany observations have been made on the 
twilight enhancement of the red oxygen lines [36, 108, 130, 131] (Fig. 29, 
Plate 2). The main facts as observed are as follows. The intensity increases 
10 to 60 times that of the night time value. The enhancement occurs 
several hours before morning twilight and several hours after evening 
twilight and its trace can be observed even when the sun is shining on the 
atmosphere above 1,300 km. [This, of course, is in accord with the great 
heights of sunlit auroras as reported by Stdrmer. See Chap. VIII, Sec. 
(2/)]. The morning and the evening enhancements are not symmetrical, the 
latter being much larger [36, 130]. According to observations of Cabannes 
and Qarrigue the layer of maximum luminosity lies between 1 16 and 120 km. 
[108]. 

The enhancement of the red oxygen lines is generally ascribed to the 
resonance effect — solar rays of the wavelengths at A 6300 exciting the 0-atom 
to the W state. However, the fact that the evening twilight enhancement 
is much stronger than the corresponding morning one shows that the foot 
that the upper atmosphere had been bathed in sunlight during the day has a 
pronounced effect. Thus the enhancement cannot be explained as solely 
due to resonance. 

It is interesting to note that while the red lines are strongly enhanced 
in twilight, the green line (though stronger in the night air-glow) shows 
scarcely any enhancement [36]. (A small effect has, however, been noticed 
by Dufay and Dufay [132]). This difference in the twilight flash is due to 
the effects of two factors combining to act in the same sense. Firstly, the 
probability of stimulated transitions of the 0-atoms, by absorption of 
radiation, from the ground state to the state is very small compared to 
that to the W state. (See Fig. 17.) Secondly, the intensity of the solar 
radiation at A 2972, corresponding to transition to ^3 state, is about 100 
times smaller than the intensity of the radiation at A 6300 corresponding 
to transitions to the iD state. These effects have been studied in detail by 
Ghosh [116]. 

(ii) Sodium D-2»ne«.— The twilight enhancement effects of this radiation 

are discussed in Sec. 9. , 

(iii) Bed OH hands A 6660. — According to Elvey and Farnsworth 
[36] the behaviour of this radiation during twilight is very similar to that oil 
the sodium D-lines. The increase in intensity during twilight is 8 to 10 
times of its night value and occurs as abruptly as in the case of the sodium 
lines. The enhancement is generally supposed to be a resonance effect. 
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(ip) Fim negative bande of N«+. — ^These bands are totally absent in the 
night air-glow bnt appear with oonsiderable intensity when the upper atmo- 
sphere is illuminated with the rays of the sun below the horizon (Fig. 29, 
Plate n.) We quote below the interesting remarks of Slipher [ 56 ] who was 
the first to make the observation: 

' Bnt the negative bands typical of auroral display spectra do not 
accompany the chief yellow (green) line of the night sky, except when 
auroral displays are actually present. However, these nitrogen bands, 
I found, could be photographed in the morning and evening skies if brief 
exposures were made at the moments when the last and first traces of 
sunlight touch the high atmosphere. Thus the day, as it were, begins and 
ends with a sort of auroral fiash.’ 

Observations on the intensity variation of the negative bands during 
the change of twilight are meagre compared to those for the radiations 
mentioned above. 

According to Dufay and Dufay [132] the flash is of very short duration 
and occurs when the atmosphere in a layer about 50 km. thick, centred at 
about 100 km., is illuminated. The same authors also report that the 
intensity of the flash varies greatly. Sometimes it may be too weak to 
observe and sometimes it may attain oonsiderable prominence. Du&y 
and Dufay also observed an interesting effect which is of signiflcanoe in the 
theory of the flash. A positive correlation was established between the 
intensity and the magnetic activity and also between the intensity and the 
ooourroioe of auroras in Norway. (The observations were carried out in 
France.) 

The two processes for excitation of the bands that have been suggested 
are as follows: 

(1) N8+$i'->-N+ (A')+ e. 

(2) N+ (Z')+Av-..N+ (A’). 

Hence, N^ (A')->N^ (X')+ii€g&tivo bands. (See Appendix Sec. 2, 
Fig. 17.) 

In the first process, advocated by Saha [133], neutral nitrogen molecules 
in the ground state are ionized and, at the same time, the ions produced 
and raised to the N8+(A') state (from which the first negative bands are 
emitted) by absorption of A <661 A. 

In the second process advocated by Wulf and Doming [140] it is assumed 
that N8'*’(X') ions in the ground state are already present in sufficient 
numbers in the upper atmosphere and are excited by absorption of radiation 
of appropriate wavelength (A 3914 for 0-»>0 transition) to the N8'*‘(A') state. 

According to Bates [134], who has critically examined the two processes, 
the second is the more likely process. 

For the first process, if the sun radiates like a black body (6000”K), 
the number of available quanta in the wavelength region A 661 A is found to 
to be too small. Hence, Saha assumes that there are intense line radiations 
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near this wavelength range besides the black radiation. However, accord- 
ing to Bates’ estimate, the number of photons produced by this process 
during twilight illumination is too small to account for the observed intensity 
(10^ transitions per sec. per sq. cm. column in the line of sight) unless it is 
assumed that on the occasion of a flash the ionization rate in the F 2 -lAjeT 
is greatly increased. It is also pointed out that on account of the high 
absorption coefficient of the active radiation A 661 (see Appendix Sec, 2) 
the effective shadow of earth for twilight enhancement will be increased by 
several hundred kilometers. Hence, only the very highest regions of the 
atmosphere (perhaps above 500 km.) will be illuminated by the active 
radiation during twilight. This contradicts the observation of Dufay and 
Dufay that the height of the emitting layer is centred at about 100 km. 

For the second ]iroeess the number of photons that result is given by 
exp. ( — Av/AfT)// illuminated N 2 ‘^ ions per second, where and co* 

are the statistical weights of the excited and the ground states, r is the 
radiative life time, / is the dilution factor (5*4 x 10~<^), T is the temperature 
of solar black body (6000^K) [134, 137]. The value of r according to 
Bates is of the order 10*7 sec. With this value of r it is shown that the 
effective emission rate is so large that even if the N 2 '^(X') ions form a small 
fraction of the total ion content the required order of intensity of the flash 
is obtained. 

One important point has, however, to be noted in connection with the 
calculated value of r. In the well-known auroral after-glow experiments 
of Kaplan [138] the negative bands are observed to persist several seconds 
after the exciting voltage has been cut off (see Sec. 4(d)). This means that 
either the excited N 2 '^(A') ions (from which the negative bands are emitted) 
are actually being produced during the after-glow, or, the radiative lifetime 
T of the excited N 2 +(A') ions is to be measured in seconds instead of in 
tenths of microseconds. If r has the former value, then the resonance 
absorption becomes negligible and so also the intensity of the flash spectrum. 

8, A NOTE ON HYDROGEN IN THE UPPER ATMOSPHERE 

Hydrogen is present in the atmosphere at the ground level in extremely 
small and doubtful proportion (Chap. XIII, Sec. 1). Further, on account 
of its extreme lightness it cannot be a permanent constituent of the upper 
atmosphere as any quantity introduced therein will escape rapidly. No 
hydrogen lines have been reported in the night air-glow spectrum or in the 
twilight flash. For these reasons hydrogen in the ui)per atmosphere had 
received little attention. However, the discovery by Meinel of strong 
radiations in the near infra-red as due to vibration-rotation bands of OH 
(Sec. 4c) has evoked interest in the existence of this gas in the upper 
atmosphere and on the possible modes of its production. 

The various possible processes by which free hydrogen may be produced 
in the atmosphere may be listed as follows after Bates and Nicolet [135]. 

(i) HjO+Av-^OH+H. 
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Of the various hydrogen compounds water vapour is the most abundant in 
the troposphere, its partial pressure being about 10*> atmosphere. In 
the stratosphere the fractional volume concentration may be estimated to 
be 10-». 

The spectral regions responsible for photo-dissociation are A < 1800 A 
and A < 1340 A. Some of the radiatidn in the former region is absorbed 
by the Bunge-Schumann continuum (Os) and may not reach much below 
100 km. But a significant part is not readily attenuated. The latter 
(including can reach to about 70 km. level and can produce predissocia- 
tion. (See Appendix, Sec. 2d.) It is, however, estimated that the rate 
for the former radiation is by far the faster. 

(ii) CH4 +Av^CH 8+H. 

Methane has a continuous source in rotting vegetation and lightning 
discharges and forms a permanent constituent of the lower atmosphere. 
Its total amount by volume is estimated to be 2*2 x 10**^ of the major gases. 
However, the fractional concentration is not affected by the negative 
temperature gradient as in the case of water vai)our (due to condensation). 
Hence, in the stratosphere the methane content might be comparable to the 
water vapour content. 

The photo-dissociation of OH4 occurs in the same manner as that of 
HjO. 

(iii) Hg-f-O — ► OH+0. 

Molecular hydrogen is estimated to be present in the lower atmosphere in 
the proportion 0*5 xlO*^ by volume of the major gases. As in the case 
of methane, its fractional concentration is not affected by the negative 
temperature gradient in the troposphere like that of water vapour. Hence, 
H2-content in the stratosphere may also be comparable to that of water 
vapour. 

H2 is not readily affected by solar radiation; it can, however, react 
with atomic oxygen producing H and the OH radical as shown above. 

"The OH produced in reactions (i) and (iii) will produce H by the 
re^tion ^ 

(iv) 0H+0-^0*+H. 

Tke energy of activation is known to be low in the reaction. Hence, the 
rate^coefficient for the reaction must be high. 

The hydrogen produced will be lost by the following reactions. 

H-t-08 OH+O 2 . 

H+0+J/->OH+iV. 

The effectiveness of both these j^rocesses for removing H will, however, 
decrease with height. The first, because of the scarcity of Os and the 
second because of the decrease of the number density of the third body M. 
Detailed study shows that even for comparatively low regions, the concentra- 
tion o|- H will far exceed that of OH. (The authors also consider the 
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reactions in which other hydrogen compounds like perhydroxyl (HOt) and 
hydrogen peroxide (HaOg) are produced and the subsequent reactions, ^eir 
effects, however, are shown to be small.) 

The authors then consider in detail the equilibrium in atmospheric 
region 60 km. to 100 km. in a pure oxygen atmosphere (containing O, Ot 
and Ot) and also in an oxygen-hydrogen atmosphere when bathed in sdar 
radiation. Their investigations show that a thin layer of high content 
(concentration c:l0i<>/cm*.) is produced within 60 to 80 km. region where 
the temperature falls to a minimum, i.e. near 70 km. The equilibrium in 
the region is laq^ely controlled by 

H-hOHe^Hj+O. 

According to the authors the hydrogen compounds are completely broken 
down from above 90 km. (or from' even below) and there is a continual 
escape of hydrogen atoms into interplanetary space [136a]. (The- concen* 
tration of the H-atoms in the neighbourhood of 100 km. is 10* to 10* per 
cm*.) The liberated oxygen atoms, however, remain in the atmoqthere 
and the number that ^s thus accumulated since geological times is 
comparable with the number now present. This, in fact, lends support 
to the view that the photo-dissociation of water vapour and subsequent 
escape of hydrogen is the origin of oxygen in the atmosphere [136]. 


9. A NOTE ON SODIUM IN THE UPPER ATMOSPHERE 

(а) Introduction 

The identification of the prominent yellow radiation in the night 
air-glow spectrum as the sodium D-lines (see Sec. 4(c)) proves conclusively 
the presence of sodium atoms in the upper atmosphere. 

The intensity of the emission (namely, that corresponding to 2x10* 
to 8 X 10* transitions per sec. per cm.* column) is comparable to that of the 
other line emissions in the night air-glow [67, 94, 123]. The intensity 
remains fairly constant throughout the night [36] but is subject to consider- 
able fluctuations from night to night. Further, the distribution of intensity 
is not uniform over the whole sky but is of a patchy character. During 
the morning and eveoing twilights the intensity, in the illuminated upper 
atmosphere, is greatly enhanced — 60 to 100 times that in the night air-glow. 

The intensity is also subject to seasonal variations, being maximum in 
winter and minimum in summer. 

(б) The twilight flash 

t 

(i) Excitation process . — It is now generally agreed that the sodium 
twilight flash is simply a case of resonance excitation by A 5893 [144]. 
However, there is also the view that the exciting radiation is in the 'ultra* 
violet range AA 2000-3000. (The reason for this latter assumption will 
be discussed presently). 

35 
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Since the exciting radiation in reaching high atmosphere fccnn the 
eon below the horizon, has to pan throngh a considerable thickness of air 
it is important to enquire into the effect of absorptian by the latter. It is 
obrioos that if the exciting radiati<m be in the ultraviolet range AA 2000-3000, 
then it most pass above the ozone layer to avoid absorption by the intense 
Hartley bands. The resonance radiation A 6893, on ^e other hand, is 
imafEMted by this absorption. Nevertheless, some authors [146] assome. 
that this radiation is also affected by ozone absorption— not by the Hartley 
bands — ^but by the much fimbler Chappuis bands. A little ccmsideration 
shows, however, that this absorption cannot sufficiently reduce the intensity 
of A 6893 to affect the resonance excitation process [126]. For a solar 
ray incident obliquely through the earth’s atmosphere, the maximum 
value of the ozone mass traversed is approximately 11 cm. and this 
occurs when the distance of the ray from the earth’s surface is 12 km. 
[146] (see Chap. IV, Sec. 9). The maximum wbsorption coefficient in the 
Chappuis bands being *06 cm.~i (at 6100 A), the maximum reduction in 
intensity of A 6893 may be only 40%. If the solar rays pass by the top 
of the oz(me layer (40 to 60 km.), the absorption will be insigni&cant. There 
will thus be no signi&cant effect of ozone screening in the region of A 6893. 

(ii) Height of the region of the twilight flaah . — ^The region of the twilight 
flash may be located by noting the height of the moving edge of the earth’s 
shadow (in the line of sight) at which the flash appears (lower limit) and also 
the height at which it disappears (upper limit). The former gives the 
height of the lower border and the latter that of the upper border of the 
region of the flash. The heights so determined obviously depend upon 
whether one assumes or not the increase in the effective radius of the earth 
by ozone screening. Thus, Bernard [141] — who was the first to make 
such measurement — obtained the height of the 'upper limit’ as 60 km. 
without taking, into account any effect of ozone screening. Bence, he 
concluded' that the bulk of sodium must be below this level. Vegard aiul 
Tflnsberg [142, 143] on the other hand, admitted the effect of ozone screen* 
ing and found the value of the upper limit to be 110 km. They also 
determined the lower limit and, hence, estimated the thickness of the sodium 
layer in the region of the twilight flash to vary between 8*4 km. and 27 km. 
with a mean value of 16*2 km. They thus concluded that the sodium 
producing the flash is contained in a comparatively thin layer between 
the heights 85 km. and 110 km. (These authors also determined the 
screening height as 49 km.) The effect of ozone screening was also taken 
into account by Barbier [131] who, from twilight observation carried out 
in Haute>Frovenoe (IVance), estimated the height of the lower limit— the 
base of the sodium layer — ^to be at 70 km. 

However, in 'view of the discussion given above any effect of ozone 
screening on the radiation responsible for the twilight excitation of sodium 
seems extremely doubtful. If this be so then the base and the top of the 
sodium layer producing the sodium flash are found to lie approximately 
at 36 km. and 66 km. respectively. 

33B 
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NM.^Th 0 ream why Vegeid and Tdnabeig aeemiied the effect of oacme aoreening 
ieaafollowa. Intheirmeaiurementsof theheis^t of the * upper limit* they found that 
the heights ae deduced from obaervatione made when the line of sig^t waa towarda 
a direction near horizon were always hig^r than those when the line of sig^t 
was towards the zenith. This systematic difference, they maintained, could be 
eiq;>lained if the exciting radiation waa assumed to pass above the ozone layer. It 
is to be remembered, however, that the height measurements of Vegaud and TAnaberg 
could not have been very accurate. The exposure of the spectrograj^ for measure- 
ments close to the zenith was always much larger than that for measurements near the 
horizon (2-3 min. near the horizon and 6-10 min. and sometimes 20-30 min. at the 
zenith). The systematic difference which they observed in the height measurements 
could possibly have been due to this. In fact, an error of 6 min. would lead to an 
error 30 km. in the height measurement. 

(c) Nocturnal Glow 

(i) Region of the glow . — ^Many measurements have been made of the 
height of the 'layer’ emitting the D-lines in the night sky by the well-known 
van Bhijn tech^qne. But, as will be seen from Table It, See. 6(e), 
the results obtained are widely divergent amongst themselves. However, 
in view of the many precautions taken, the results as obtained by Boaoh 
and Pettit, namely, 260 km. (in the f-region), appears to be more reliable 
than others. 

(ii) EmsUation process . — ^This has been discussed in Sec. 7(a). 

(d) Distribution of sodium in the upper atmosphere 

From the discussions as given above it would appear that sodium is 
concentrated in two layers: one in the 36 to 66 km. region responsible 
for the twilight flash and the other in the F-region of the ionosphere respons- 
ible for the nocturnal glow. 

Alternatively, it may be imagined that the sodium is spread from a 
height of 36 km. to the F-region of the ionosphere. At lower altitudes the 
sodium exists in the neutral state. At higher altitudes (above 100 km.) 
all the sodium atoms are ionized. 

Besonanoe excitation of neutral sodium by solar radiation A 6893 gives 
the twilight flash of sodium in the lower region. 

The sodium ' layer ’ emitting the night sky D-lines is located much higher 
in the F-region of the ionosphere. The layer must consist of ionized atoms, 
since, according to Bates [140], sodium above 100 km. cannot exist in the 
neutral state. The D-lines in the night air-glow are emitted according to 
processes suggested in Sec. la (iv). 

An estimate of the to^l number of sodium atoms in the tegi<m of 
emission of twilight flash may be made from the'observed intensity of the 
twilight emission, and from the flux of solar quanta (taking account of the 
Fraunhofer absorption) nai'wg the known probability of transiticms yielding 
the D-lines. The number of sodium atoms per cm.* column is thus esti- 
mated to lie between 6x10* to 6x10* [147, 131]. This constitutes about 
10~i* of the number of atmospheric particles in the region concerned. (In. 
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view of this ipinute proportion of sodium the interesting suggestion has been 
made by Bates [148] that it can be increased by a significant amount by 
ejecting sodium vapour in this region firom a rocket.) 

The relative concentration of sodium in the JF-region of the ionosphere 
is much higher than that in the 35 to 65 km. region. 

(e) Source of upper atmospheric sodium 

Nothing definite is known about the source of the upper atmospheric 
sodium. It may be of terrestrial origin, but there are strong reasons to 
believe that at least a part of the sodium comes into the atmosphere from 
outer space. The various suggestions made regarding the origin are as 
follows: 

Ascending currents of air may carry sodium salt from ocean sprays. 

Volcanic dust containing sodium compounds have been known to shoot 
up to great heights — 30 km. [150]. 

The sodium is carried into the earth’s atmosphere by meteorites. 
(The B-lines have been detected in meteoric spectra. But, it has been 
argued that the lines may be due to excitation of atmospheric sodium 
atoms [151].) 

The sodium may come from the sun with the solar corpuscular streams 
which produce auroral and magnetic disturbance phenomena [152]. 

The sodium really belongs to interplanetary space. It is swept into 
the earth’s atmosphere as the latter moves through this space [145]. (This 
hypothesis promises an explanation of the seasonal variation of intensity 
of the D-lines.) 

It is not possible in the present state of our knowledge to make any 
quantitative estimate of the relative importance of the various hypotheses 
listed above. V This is specially because we do not know the rate at which 
sodium is being removed from the regions from which it emits light. 



CHAPTER XI 


TEMPERATURE IN UPPER ATMOSPHERE 
(IONOSPHERIC REGIONS) 

1. INTRODUCTION— THE CONCEPT OF TEMPERATURE 
IN THE HIGH ATMOSPHERE 

In Chapters IIIA and IIIB we have discussed how observations on 
the abnormal sound propagation phenomena and on the luminosity of 
meteor trails together yield data for constructing the temperature profile 
of the middle atmospheric regions. To these data have now been added 
those supplied by direct recordings of pressure variations in this region 
made in V-2 rocket flights. (See Chap. XTI.) We thus have now a fairly 
accurate knowledge of the temperature distribution up to about 100 km. 
In the present chapter we shall make an attempt to estimate the temperature 
distribution round and above this level from a number of upper atmospheric 
observations and measurements. It ^vill be seen that these estimates, 
though arrived at by diverse methods, all agree amongst themselves, at 
least qualitatively to point to the existence of a region of rising temperature 
above the 100 km. level, the temperature attaining a value of the order 
1500®K to 2500®K in the region of the of the ionosphere. 

Theoretical considerations also lead to the existence of a similar high 
temperature in these regions. The rise is attributed to the degradation 
of the energy of extreme solar ultraviolet radiation (both black-body 
radiation and intense line radiations during solar flares) to heat energy 
by absorption by the gases in the highest atmospheric regions. 

In what follows we shall first discuss briefly if the concept of 
temperature is applicable to the tenuous atmosphere in the high regions 
under consideration. 

If a gas is in thermal equilibrium, then the gas temperature is equivalent 
to the so-called kinetic temperature defined by the relation 

v^y/ SkT/nm , 

where v is the average velocity and the velocity distribution is Maxwellian. 

Now, if the concentration of the particles be low — as in the high 
atmosphere in the ionospheric regions — one may be justifled in the apprehen- 
sion that the collisions will be so few and far between that there will be large 
deviations from the average and that, as such, average velocity and kinetic 
temperature will cease to have any meaning. » However, closer scrutiny 
shows that such apprehension is groundless. W'c have the relation 

Q=(2/3N)*, 

where Q is the ratio between the standard deviation of energies and the 
average deviation (N is number density of the particles). For a gas under 
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ordinary temperature and pressure conditions is of the order 
andhence Q is'of the order For the attenuated gas at 300 km. height, 

N is of the order lQ®/cm.® and Q is about lO*®. This value of Q, though 
many orders higher than that for the gas under ordinary pressure and 
temperature conditions, is still very small. There is therefore thermal 
equilibrium in the high atmospheric regions under consideration and, hence, 
we can speak of kinetic temperature of such regions. 

It may be noted, in this connection, that according to modern ideas, 
even the sparsely populated interstellar medium (population 1 to 10 
particles per cm.^) can, for many purposes, be treated as perfect gas with 
complete kinetic equilibrium between the different particles [1]. 

We can also assure ourselves that there is sufficient molecular concentra- 
tion in the high regions for the gas kinetic laws to hold from the simple con- 
sideration that the molecules there are prevented from escaping by collision 
with molecules above (see Chapter I, Sec. 5c). Under such condition, the 
collisions must be so frequent that one can speak of an average velocity of 
the particles and, temperature as defined by the relation as given above, 
will have a meaning. 

There is another point of importance which needs consideration before 
we proceed to our discussion on the estimation of upper atmospheric tempera- 
ture. In the section to follow it will bo seen that the most important 
methods of temperature estimation are those utilizing results of ionospheric 
measurement. In the interpretation of these results the energy state of 
the electrons is involved. It is therefore pertinent to enquire if the energy 
distribution amongst the electrons is subject to the law of equipartition, 
i.e., if the electron temperature is the same as the gas kinetic temperature. 
The reason of this query is that the electrons which are produced by photo- 
electric action (or, by solar corpuscle bombardment) will, in general, possess 
initially energy far in excess of that corresponding to the gas temperature. 
And, it is conceivable that on account of their small mass the electrons 
may not get rid of this excess energy by collisions. However, simple 
calculation shows that for all reasonable excess value of energy, the electron 
temperature will settle down to the equivalent gas kinetic temperature 
in course of only a few seconds. Thus, if an electron is liberated with an 
energy of 10 eV energy in an atmosphere of mean molecular weight 20 and 
temperature 300^K, then the electron energy will come down to that 
corresponding to the gas temperature in only about 25 sec. in the F-region 
and in a smaller time in the J^-region [2]. 

2. ESTIMATION OF TEMPERATURE AND ITS HEIGHT 
DISTRIBUTION 

The temperature and its height distribution in the uppermost regions 
of the atmosphere may be estimated from the following: 

(а) Escape of helium from terrestrial atmosphere. 

(б) , Extension of the atmosphere to great heights. 
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(c) Height-luminosity distribution in auroras. 

(d) Ionospheric measurements: 

(i) Collisional frequency of electrons. 

(ii) Scale height values. 

(iii) Recombination coefficient values. 

(iv) Diurnal variation curve of electron concentration (deviations 

from the \/ cos x 

(e) Width of emission lines from the night air-glow. 

(а) Escape of helium 

The problem of the escape of helium has been discussed in Chapter I, 
Sec. 5(6), where it has been shown that helium would escape in appreciable 
quantity from the terrestrial atmosphere if the helium atoms, in the region 
of escape in the high atmosphere (600 to 800 km.) have thermal velocities 
corresponding to temperature of the order lOOO^K. 

(б) Extension of the atmosphere to great heights 

It has been found that twilight flash of the red oxygen lines can be 
traced up to the height of 1,300 km. (Chapter X, Sec. 7.) Also auroral 
streamers, particularly those in the sunlit atmosphere, have been observed 
up to heights as great as 1000 km. These facts show that atmosphere, as 
such, must exist up to these heights, and, as shown below, this is only possible 
if there is a rising gradient of temperature in regions above 100 km. The 
molecular concentration prevailing at such heights of the atmosphere can 
easily be calculated (on the assumption of thorough mixing) if the density and 
temperature at some datum level, as also the distribution of the latter in 
the region above be known. The datum level may conveniently be 
taken as 100 km. where the temperature and molecular concentration 
are known to a fair degree of approximation from radio measurements 
(300°K and 3 x 10^* per cm.s respectively). Now if a constant temperature 
be assumed to prevail in the region above 100 km. then the concentration at 
400 km. is found to be only three molecules per cm. 3 Such^concentration 
is totally inadequate to produce the observed intensity of the twilight 
flash or of the auroral streamers. Further, the concentration is wholly 
incompatible with the measured electron concentration in this region, the 
average value of which is of the order lO^cm.^ If, however, a rising 
temperature of 4°K per km. is assumed (which makes the temperature at 
300 km., IIOO^K) then the concentration at 400 km. becomes 10^ molecules/ 
cm.8 If account is taken of the fact that oxygen in the upper atmosphere 
exists mostly in the atomic state then the density at 400 km. level is found 
to be still higher, viz., 10® atoms/cm.® Such concentration is quite 
adequate to produce the observed twilight and auroral luminosity effects. 

An interesting point regarding the estimation of the temperature 
gradient from the twiligM flash of the red-oxygen lines mentioned above 
may be noted here. Bates [3] has shown that during this twilight flash the 



862 XTFPISR ATMOSPHEBE CHAP. XI 

number of photons emitted per cm.* per sec. is 2*3 at 300 km. and 0-35 
at 700 km. One is tempted from this to assume that the populations of 
noimal oxygen atoms at the respective heights are proportional to these 
numbers and hence conclude that the number density of 0-atoms has 
decreased by a factor of 6*6 only in going from 300 km. level to 700 km. 
level. This decrease of density with height is compatible only with a 
temperature of 3600^K for the region. The conclusion is, however, not 
justified, because, at the lower level an appreciable fraction of the excited 
atoms will revert to the normal state by collisions and not by radiation 
of the red quantum of light. Hence, the total number of W atoms de- 
excited per second per cm.* is not proportional to the intensity of the 
emitted line at all heights. The fall in molecular concentration with height 
is, therefore, much more rapid than that calculated without taking this 
factor into consideration. 

(c) Height- luminosity distribution in auroras 

In Chapter VIII, Sec. 2c, we have seen how the rate of absorption of 
electron rays along their trajectories deterxoines the distribution of lumin- 
osity in auroral streamers. The rate of electron absorption at any height 
obviously depends upon the number of density of the absorbing particles 
at that height. And, since the logarithm of the number density is inversely 
proportional to the scale height of the region, it is clear that the measure- 
ment of the gradient of luminosity enables one to estimate the value of the 
scale height in the region of observation. Harang [4, 5], by thus utilizing 
the height-luminosity functions of auroras, has deduced scale heights 
in the region 100-350 km. In the measurements made by Harang, the 
computation of H for regions below 1 85 km., was made from data on auroral 
arcs and draperies; at 185 km. from auroral rays; at and above 270 km. 
from examination of sunlit rays. According to Harang the scale heights 
as deduced by him give the lower limits of the same, because, the electron 
rays have been assumed to proceed along straight paths and not along 
spiral paths round the lines of force as they actually do (Chapter VIIT, 
Sec. 5e). 

(d) Ionospheric measurements 

(i) Collisioital frequency of electrons . — In Chapter VI, Sec. 7, we have 
mentioned how frequency of collisions of electrons with different kinds of 
atmospheric particles may be determined from ionospheric data. Since 
the oollisional frequency is a function of temperature, the latter may be 
estimated from the measured values of the former. The collisional frequency 
measured from ionospheric parameters in the region under consideration is 
the sum of two collision frequencies: One between electrons and neutral 
particles, and the other between electrons and positive ions. (There may 
also be collisions between electrons and electrons; but, for obvious reason 
the frequency of the same is negligible compared to the two mentioned 
above.) 
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Ih the case of oolliaions of eleotrons with neutral particleB we have^ for 
the collision freguenoy, the expression (see also Appendix. Sec. 6), 

v«2a*P/(3mJfeSr)*, 

where Pis the partial pressure of atoms and molecules and e is the coUisional 
cross-section. 

For collisions between electrons and positive ions the expression as 
given by Mazumdar [6] is, 

v' « (4ir6V8)/(2irm.ifc«)* (n/T*) [log 

where B = 24*68 and A' is the mean ionic free path, w, number of ions per 
cm.« 

Utilizing these two formulae and taking into account the most probable 
cross-sectioiis of the neutral particles — 0, N, N 2 [special attention being 
given to the cross-section of 0 which depends on electron energy as well as on 
atomic field forces (see Chapter VI, Sec, 7)], Gerson [2] has determined the 
vidues of probable temperatures at 300 and 400 km. (Table I, p. 666). 

It is to be noted that in the above formulae pressure, at the level under 
consideration, is involved and this itself depends upon the temperature. 
However, if a linear temperature-height variation is assumed, then with 
the help of Eq. (3)* in Chapter I, the pressure term can be eliminated. 

(ii) Scale height meamrements . — ^It has been shown in Chap. VI, Sec. 6, 
that the^thickness of a simple Chapman layer is equal to 4H, where H is 
the scale height of the active constituent in the region where the layer 
is formed. The approximate average values of H for the different iono- 
spheric regions (on the assumption that they are all of the simple Chapman 
type) are as shown below: 


Height (km.) 

70 

100 

200 

200 

260 

300 

H « kTImg 

6 

10 

36 

60 

60 

70 




Winter 

noon 

Summer 

noon 

Winter 

noon 

Summer 

noon 


A better estimate of H on the assumption of a parabolic layer may be 
made from Eq. (76), Chapter VI, Sec. 6. 

The parabolic layer, however, is only a rough approximation to the 
distribution. One may use, instead of the parabolic approxima- 
tion, any of the various higher approximations [7, 8, 9] to Chapman 
layer that have been developed. The values obtained vrith such approxima- 
tions are somewhat different from those obtained on the parabolic 
assumption, being generally higher. 

It must a l«n be remembered that the Chapman t 3 rpe of distribution is 
produced only under highly idealized conditions, namely, when the tempera- 
ture and the recombination coefficient remain constant in hdght. Under 
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actual conditions, however, both these parameters vary and, as such, 
there is considerable distortion in the Chapman distribution. As a matter 
of fact, increase of temperature and decrease of recombination coefBlcient with 
height both give values of if higher than the true value. As such, the values 
of the temperature, as deduced from a consideration of the values of if, 
indicate only the upper limit of the trud value. 

For the EA^yer the matter is further complicated by the fact that it is 
formed in the region of transition of O2 to 0 and, hence, there is decrease 
in the mean molecular mass m with height. In this connection mention 
may be made of the recent work of Pfister [10], according to which if the 
magnetic field of the earth is taken into account the value of the scale 
height in the ^-region is lowered by about 20%. 

Subject to the above limitations, the value of H as also its variations 
indicate that the upper limit of the temperature in the region of the 
F-layer (200 km.-300 km.) varies between 600®K and 2600°K. 

(iii) Recombination coefficient values , — ^The observed variation with 
height of the coefficient of recombination (a) of ions and electrons provides 
another ionospheric data for estimating the temperature. The relation 
between a and T is given by the formula of Thomson and Thomson [11], 

a = 

where c and 1} are constants. Hence, if the value of the exponential 17 is 
known, the variation of temperature with height may be estimated from the 
variation of a with the same. Unfortunately different workers have 
assumed different values of 17. Thus, Seaton [12] has assumed 97 = 3 and 
has obtained temperatures ranging from about lOOO^K to lOO^K for the F%- 
layer, 1700°K to 60®K for the Fj-layer and 570®K to 70®K for the jEJayer, 
depending upon latitude, season and time of day and night. Baral and 
A. P. Mitra [13] have favoured the value 1 for the J^-layer. Yonezaswa 
[14] on the other hand, working in Japan favours the value ^ for 17, but his 
calculations give only relative temperature changes in the F2-layer. These 
data indicate the existence of a high temperature above 100 km. level, 
though, in view of the uncertainty in the value of 17, the actual value of the 
temperature as deduced is to be taken with reserve. 

(iv) Diurnal variation of electron doncentration {deviations from cos x 
law ), — According to Chapman the maximum number density of electrons 
for any of the ionized regions varies as (cos where x Is the zenith angle 
of the sun. (Chapter VI, Sec. 10.) It is generally believed that this 
type of diurnal variation holds accurately at least for the E and Fi regions. 
Careful analysis [15, 16] has shown, however, that the exponent of cos x 
actually varies from 0*50 to 0*80. This increase in the value of the exponent 
can be explained if it is assumed that there is a rising temperature gradient. 
In fact, for a temperature gradient y^’/km. , it can be shown that the exponent 
is equal to l+{ykltng)l2. This gives, for conditions over Calcutta, 
a temperature gradient of about 4t^lkm, round 120 km. height. 
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(«) \lldtli of emlMlon lines from ^e night air-glow 

It is possible, at least in principle, to determine the kinetic temperature 
of the tegicms of night air-glow (Chap. X) firom measurements of the 
width of the emitted lines. One of the p^cipal causes of the broadening of 
the spectral lines is the Doppler Shift due to thermal motimis of the emitting 
atoms; the line * width* A A is related to the kinetic temperature by the 

equation 

AA-7-2x10-»Av'5Vw. 

Hence, firom a measurement of A A the kinetic temperature of the emitting 
source may be determined. Such width measurements may be carried 
out with the help of the Fabry-Perot type of interferometer. Unfortunately, 
on account of the faintness of the light, it is difiScult to obtain the high 
resolving power (by increasing the separation of the interferometer plates) 
necessary for the purpose. There is always considerable uncertainty in 
estimating the sharpness of the fringes, i.e., in estimating the minimum 
contrast needed to make the rings appear sharp. The accuracy of such 
width measurements has, therefore, been questioned by Spitzer [23]. Inter- 
ferometer measurements of line widths are thus, not very helpful in deter- 
mining the temperature. They give, at best, a possible upper limit of the 
kinetic temperature of the emitting source. Nevertheless we may note 
here the results of some of the interference measurements of line width. 

Thus, Babcock [17] from his interferometer measurements of the green 
osygen line concluded that its width was not greater than 0*036 A. Hence, 
applying the formula given above we may deduce that the kinetic tempera- 
ture of the emitting oxygen atoms was not higher than 1 ,200°K. 

aimilftr interferometer measurements have been carried out by Vegard 
and his collaborators [18]. But, the only significant result obtained by 
these authors is that the sharpness of the interference rings (i.e., the tempera- 
ture) does not change with height . 

Attempts have also been made to estimate the kinetic temperature from 
intensity distribution within the nitrogen bands in aurora [19], as also in 
the night air-glow [20, 21]. The results obtained are, however, in sharp con- 
trast to those mentioned above. For the case of auroras a low temperature 
of the order 220®K has been obtained for all heights up to 800 km. For the 
night, air-glow, temperatures between 160*K and 230°K were obtained 
for the region at 90 km. Such ‘ rotational * temperatures cannot be expected 
to represent the true kinetic temperature because, the intensity distribution 
within the bands depends upon the mode of excitation. (For example, in 
the case of auroras the bands are excited by electronic impacts or by impacts 
with other charged particles.) Hence, until the relationship between the 
HriAtin temperature and the rotational temperature is better understood 
one is not justified in making any deduction regarding the kinetic tempera- 
ture firom measnrmnmits of intensity distribution within the bands. 
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(/) Gonclndlng remarin 

The valoee of temp^toie es deduced above by divene methods all 
agree anumgst themselves at least qnalitativdy, to pdht to ezistenoe of a 
rising temperature gradient above 100 hm. levd. Gmeon [2] has assessed 
the relative aocurades of theso values and has come to the conclusion that 
those deduced firom the aurond height-luminosity curves, from the oolU- 
sional frequency data and from electron concentration (i.e. ibnospherio scal^ 
heights) represent most closely the actual temperature distribution. Table I, 
as prepared by Gerson, gives, for the region 100-400 km., temperatures 
as calculated by these three methods. 

Tasui I 


Ttmptmture ditfribuiion in the ianoephtnie regione 


Altitude 

(km.) 

Upper Atmospherib Temperature (®K) deduced from 

Cpllisional 

frequencies 

Auroral scale 
heights 

Electron 

concentration 

100 

300 

219 


150 

825 

531 


200 

1350 

1580 


250 

2175 

2073 


300 


2465 


.330 

• ■ • • 

. • • • 

1630-2680 

350 

82SQ 

2704 

• • • s 

400 

3450 

• • • s 

• • ■ • 

500 

.... 

.... 

2200-3010 


Temperatures higher than those given in the Table are not likely. As a 
matter of fact, it may be concluded, at least qualitatively, that t^ masd- 
mum temperature is attained somewhat above 400 km. Beyond this 
height the temperature probably decreases to merge with the temperature 
of interstellar space. 


3. THEORETICAL CONSIDERATIONS 

The experimental evidences described above, though more or less 
qualitative, leave little doubt that there is a rising temperature gradient in 
the upper atmospheric region above 100 km. and that the temperature at 
the height of the J’ 2 -region of the ionosphere is some thousand degrees 
absolute. 

Conclusion regarding high temperature is also arrived at from the 
Mbwing simple theoretical considerations. 

The whole of the extreme ultraviolet radiation of the sun is abswbed 
in tike upper regions of the atmosphere and fidl to reach the surface of the 
earth. The portion ofthe spectrum between A 2100 and A 2600 is absorbed 
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by ozone in the middle atmosphere. The rest of the qMotnd . energy bdow 
A 2100 is undoabtedly absorbed by the constitnent gases of the upper 
atmoq>heire, namdy, by molecular nitrogen and by mofeonlar and atomio 
o^gen. The primary effect of the abscnption might be dissooiathm, ionisa> 
tion or excitation of the constitaent gas particles; but, like all other fttius 
of energy, the absorbed energy must ultimatdy degrade into thermal energy 
of molecular agitati<m causing a rise of temperature. 

Theoretical calcnlaticms on the temperature rise have been made by 
several authors by making plausible assnmpticms regarding the gain of heat 
energy by absorption of solar ultraviolet light and its loss by radiation and 
ixmduction. 

According to Godfitey and Price [22] the equilibrium temperature due 
to absorption of radiation A < 1460 A by oxygen molecules (which Imve not 
been dissoohtted into atoms) in the upper atmosphere may be as high as 
SSOO^K. If it is assumed ^t water vapour (which is a good radiator of 
heat) is also present in this region then the temperature attained may be 
lower, but still of the order 1200*^. 

According to Spitzer [23] the temperature is profoundly influenced 1^ 
conduction. In the region where or^gen is fully dissociate, the rates of 
energy absorption and radiation per cm.* are both very substantially reduced. 
If the sun is considered to.be radiating like a black body in the extreme 
ultraviolet, and the absorption is in the wavelength region A < 910 A then 
the temperature is determined by conduction up £rom the level at which Of 
is dissociated. The expected temperature has not been determined 
theoretically but it is much less than 1600*^ which, according to Sp(tzer, 
is necessary for the escape of helium. If, however, the son be radiating much 
in excess of black body radiation in this r^on of wavelengths (intense line 
radiation for example) then radiation determines the temperature. For 
an excess by a factor 10* (or more) there will be radiative equilibrium up 
to considerable heights. In this case the temperature is determined by a 
balance between photoelectric absorption of energy in the ultraviolet and 
dissipation of energy by excitation of oxygea atoms by electronic impacts. 
With large excess in the solar ultraviolet radiation the temperature in the 
region of the Fflayer will be between 1800°K and 3000°K. Spitzer is of 
opinion that the average temperature in the regitm of 300 km. height is 
more nearly 600^, being determined by conduction from lower layers. 
But during the brief intervals of ultraviolet solar flare, the temperature 
increase to a high value (exceeding 2000*^) allowing helium to escape. 

The problem of radiative equilibrium in the higher regions of the 
atmosphere has idso been examined by Wooley [24], According to Wooley 
the hij^ temperature arises out of a heavy ultraviolet absorption and a 
relatively weak infira>red emission. It is suggest^ that at heights below 
260 km.. Of is the principal absorbing ageint; at greater heights the absoip* 
tion is due mainly to O. Further, at heights of 100 km., water- vapour Is 
the princijm! radiator; at greater hdghts (260 km.) water vapour is absent 
and the temperature is effectively controlled by negative imis. 
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Bates [25] has (xmaideted thennal eqattihriom In the F-tegion by 
oemtHering cm tiie one hand the xi^ of energy gained from ionizing 
photons and on the othte the vaxioos loss inrocesses. It is found that the 
most important loss process is conduction and tiiat n^ to it is probably 
emission from atomic oiygen. According to the author these loss proces* 
ses ace so effisotiTe that the energy source appears to be inadsqhate to 
maintain the high temperature which the region is usually betiered to 
possess. The tentative suggestion is made that heat may be supplied to 
the upper atmosphere mainly by mm-observed ionization. 
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ROCXET EXPLORATION OF THE UPPER ATMOSPHERE.* 

1. INTRODUCTION 

0 

% 

In ChApter I we have mentioned how balloona oaciying meaenring 
instnunentB and apparatus ate used ftn diieot exploration of the tropo* 
spheric and lower strstospherio regions. The highest altitude reached by 
such ballocms (unmanned) is about 30 km. For the higher regicms, rockets 
of the type invented in Germany, during Wwld War II, as also lighter and 
smaller rockets qpedally designed for upper atnuM^ere research, have been 
succeasfhlly employed. The m a ximum height reached by such rockets 
has been 180 km., and useful scientific data have been recorded up to the 
height of 120 km. The rocket exploraticm programmM now include the 
study of almost all the physical aspects of upper apaoq>hete, e.g. oom« 
position, temperature, pressure, humidity, ionization, day air-glow, upper 
atmoqpWic electric current ^sterns and solar ultraviolet U{^t absmption. 

Most, if not all of the contemporary rocket explorationa are being 
conducted in the U.S.A., the country in which the study was first initiated. 
The earlier eiqplorations (beginning in 1 946) were made with captured German 
V-2 rockets after reconditioning as necessary. Later, a new modd, 
‘Aerobee’, has been developed and is being successfully used. 

It is worthwhile putting on record how the upper atmosphere research 
programme— specially with reference to the German y-2 rockets — ^was 
first organized in the n.S.A. 

The army Ordnance Department of the U.S.A. announced towards die 
end 1946 that they possessed a numlwr of captured Germsn V-2 rockets 
and that these would be fired to increase the knowledge of rocket techniques 
and ballistics. At the same time a number of scientific c«ganizati(ms were 
invited to devise scientific instruments which could be carried by the 
rockets to record upper atmospheric data. The following participated in 
this programme: 

Naval Research Laboratory (N.B.L.), 

Applied Physics Laboratory of Johns Hopkins University (A.P.L.), 
Army Air Forces (through the Watson Laboratories of the Air 
Material Command (A.M.C.) and the University of Michigan), 
Army Signal Corps (Evans Signal Laboratory), 

. Aberdeen Ballistics Research Laboratmy. 

* The meteriols for this Cihapter, qweielly those for the V-2 rocket, have been 
gatherad largely firom the Reports of the Nkvs^ Research Laboratory, U.8.A. 
(Nos. R-226S, 3120, 3030, 3171, 3083). The articles in the publicaticn Tht 
tf As NorA and Plamu (University of Oiicagov Editor: O. P. Kuiper), under the 
Chi^aer heading ' Upper Atmosphere Studied from Rockets,' by I'- Oresnstcin, 
H. B. dearmsa and E. Durand have also been very helpfol. 
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Fio. 1 . Tho V-2 rocket in launching position (Official United States Naval Photograph). 



Fio. 2. Tho V-2 equipped for upper atmosphere study 
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Besides the above the Harvard, the Trinceton and the Ohio State 
University groups, the National Bureau of Standards, the California 
Institute of Technology and the American Meteorological Society co- 
operated in the programme. The General Electric Company assisted the 
staff of the White Sands Proving Grounds, New Mexico (which is the rocket 
testing site of the U.S.A.) in the assembly and firing of the rockets. A 
V-2 Panel consisting of members drawn from most of the above institutions 
and agencies co-ordinated all the work. In the first phase of the 
programme extending up to 1^49 more than 50 rockets were made available 
with salvaged parts and with American replacements. 

2. THE ROCKET 

(a) Introduction 

The rocket is the simplest and the most efficient of all heat engines. 

It can operate in space devoid 
of air as it carries its own fuel 
and oxidizer — alcohol and 
liquid oxygen. The velocity 
(V) attained by a rocket, in 
the absence of any other 
force, is given by 

F = r log. jB 

where v is the velocity of the 
jet or exhaust and B is the 
so-called mass ratio, i.e. the 
ratio between the initial 
weight of the rocket and the 
weight after the fuel is burnt 
out. For the case of a rocket 
fired from the earth, the 
effects of g and of the air- 
resistance have to be taken 
into account. For vertical 
firing we have, 

F = t;log./?-g<-F(F, A) 

where t is the time of com- 
bustion and jP ( F, A) depends 
in a complicated manner on 
the velocity, height and shape 
of the rocket. It may be 
pointed out that the reduc- 
tion in the final velocity due 
to the last term is not more than 10 to 16 per cent, while the redaction due 
to g may be kept small by reducing the time of combustion. 
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(6) The V-2 


The reoonditioiied y-2 rocket was 14*32 m. (47 ft.) long and 1*66 m. 
(6 ft. 6 inches) in diameter (see Figs. 1 and 2). Fnlly loaded, it weighed 

about 14, (XX) kg. Of this, the 
weight of alcohol ai^ liquid 
oxygen wan 9,5(X) kg. Besides, 
it could cany a payload of 
about 900 kg. up to about 160 
km. altitude. The idcohol and 
liquid oxygai were introduced 
into a- combustion chamber at 
a high pressiue where the mix- 
ture was burnt. They were 
consumed during the first 
minute. The combustion oc- 
curred near 2,000'‘C. and the 
gas jet developed a thrust of 
28,600 kg. The maximum 
acceleration (six times g) was 
attained soon after take off and 
just before the fuel is burnt out. 
The terminal speed attained at 
the instant of burning was 1*5 
km./seo. Graphite steering 
vanes in the jet controlled the 

Ra.4. ThetrajeotooroftheV.2fl«d«aOotobT in the initial stage till Ae 
10, IMO. The trajectory information was exhausted. (See Fig. 

deduced from experimental data. 3.) Stabilization in the azi- 



muth was maintamed by fixed 
gsrroscopes. According to a predetermined schedule, the gyroscope con- 
trolled the tilt of the fins. The vanes deflected the direction of the exhaiut 
stream and thus served to keep the rocket on a predetermined course. For 
upper atmosphere exploration the vanes were adjusted to give a gradual tilt 
during the powered portion of the flight, so that during the flij^t the rocket 
was carried about 60 km. horizontally from the site of launching. After 
tile fuel had been burnt up, the flight was necessarily uncontrolled, and 
the rocket soued only under the decelerating action of gravhy. For this 
uncontrolled fli^t therodket had usually a small angular momentum which 
was nninrediotable. This caused tiie rocket to roll slowly about its jnrineipal 
axis (once in a few seconds) and at the same time the axis yawed in space. 

An average successful flight lasted for about 6 minutes, the average 
hei{^t reached being 120 km. The rocket spent a large fraction of its total 
time of flight in tiwvqpper part of the trajectory. Thus, for a flight lasting 
460 seconds (altitude resMhed 170 km.), 27 O seconds wm spent above 80 
km. (Fig. 4 shows the trajeotosy of a 161 km. flight.) nie landh^ qieed 
368 
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was Tiny high, about 1 km./B. The impacts created craters about 26 m. 
wide and disintegrated the rocket. 

(c) The Aerobee 

- The y*2, designed as it was for war purposes, was necessarily elaborate 

and contained many complicated fea- 
tures not essential for upper atmos- 
pheric study. A simpler, smaller and 
less costly rocket — ^the so-called 
Aerobee — ^has, therefore, been deve-i. 
loped and successfully used. Tho 
programme of development of Aerobee 
was initiated by the Applied Physioa 
Z^aboratory of the Johns Hopkins 
University, supported by the U.S.A. 
Navy Bureau of Ordnance with the 
assistance of the Office of Naval 
Research [1], The actual construction, 
under the technical direction of this 
Ziaboratory, was undertaken by the 
Aerojet Engineering Corporation and 
the Douglas Aircraft Company. The 
immediate engineering basis for the 
rocket was provided by some prior 
work, on a smaller rocket, carried out 
by the Jet Propulsion Laboratory of 
the California Ixistitute of l^chnology. 

Pig. 6 shows the outline of the 
Aerobee. It is constructed largely of 
non-magnetic materials such as alu- 
minium and stainless steel. The dia- 
meter is 38-1 cms. (1 ft. 3 inches) and 
the length 6-74 m. (18 ft. 10 inches); 
the nose-cone is 2-23 m. (7 ft. 4 inches) 
long. The nose-cone is pressure-tight 
and contains the payload of the obser- 
vational equipment* and instruments. 
The propulsion of the rocket is carried 
out in two stages. In the first stage a 
‘booster’, i\Bing solid fuel, brings the 
velocity up to about 300 m. per 
second. The booster then falls away 
and the sustaining motor (note its fuel 
Fio.6. TheAaiobee. tanks in Fig. 6) propels the rocket for 

about 46 seconds when the fuel is 
exhausted. At this instant, if the launching had been nearly vertical, the 
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height attained is 29 km. and the velocity about 1 *25 km./s. With a payload 
of 68 kg. the maximum altitude ]^ached is about 112 km. Unlike the 
V-2, the Aerobee does not carry any guidance or control equipment. Its 
stability in flight is attained by the three tail-fins fixed in position and by 
the proper location of its centre of mass. The trajectory, which the rocket 
is desired to follow, is controlled by suitably adjusting the tilt of the long 
launching tower 42«67 m. (140 ft.) in accordance with the local wind data 
obtained from sounding balloon observations. The appropriate windage 
theory for this purpose has been developed by the Ballistic Research 
Laboratories of the Aberdeen Proving Grounds and by the Applied Physios 
Laboratory of the Johns Hopkins University. The actual firings are con- 
ducted by the Naval Unit, U.S.A.; the operation of the telemetering 
equipment and the necessary field work and the reduction of data are carried 
out with the assistance of the Physical Science Laboratory of the New 
Mexico College of Agriculture and Mechanic Arts. 

It may be mentioned here that a modified version of the Aerobee— the 
Navy Viking — ^is also being developed and has already undergone preli- 
minary tests. Unlike the V-2 and the Aerobee it is stabilized during its free 
fall — ^the stabilizing being accomplished by means of air jets [2]. This is 
a great advantage as the aspect of the rocket (say with respect to the sun) 
remains unchanged as a result of the stabilization and makes easier the 
interpretation to be put on the results of pressure, cosmic ray and iono- 
sphere measurements. 

These types of rockets, owing to their simpler construction and 
comparative inexpensiveness, are expected to be widely used in upper 
atmospheric investigation. 

3. INSTRUMENTATION AND DATA RECOVERY 
(a) Introduction 

The conditions under which scientific observations l^ave to be earned 
out in the rocket in course of a flight are very exacting, ^us, the pressure 
varies from 665 mm. (at the elevation of the Proving Ground) to 10** mm. ; 
the temperature varies from -|-60^ to — 80°C. ; the skin of the rocket is heated 
to about 200^0.; all high-voltage apparatus have to be kept in pressure- 
tight spaces. It is, therefore, no wonder that many of the flights (about 
half of the total) are unsuccessful not only on account of the poor performance 
of the rocket, but also because of the failure of the apparatus and instruments 
carried to work under the severe stresses of the flight. 

It is essential to track the rocket detailing where it is at all the time. 
This involves many types of radio, radar and optical methods. (The work 
involved in this was carried out by the Ballistic Research Laboratory of the 
Aberdeen Proving Ground.) 

(5) Instrumentation 

The instruments and apparatus as may be earned by the rocket are 
as follows: gauges for measurement of air-pressure (different types for 
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different pressure ranges; vide infra), specially designed spectrographs for 
photographing the ultraviolet solar spectrum, radio transmitters for iono- 
spheric studies, apparatus for collecting air samples, cameras for photo- 
graphing the earth’s surface (to determine at all times during the flight the 
aspect of the rocket), cosmic rays measuring apparatus, magnetometer to 
measure the total magnetic field of the earth and, finally, telemetering 
equipment for transmitting to the ground by radio the various instrumental 
‘readings’, as also the performance of the rocket in course of its flight. 
These instruments and apparatus are suitably mounted in the different 
parts of the rocket, the nose-cone carrying most of them. In the recondi- 
tioned V-2 the nose, which originally contained the explosive, was replaced 
by a war-head (Fig. 6). 



(c) Data Recovery 

Two methods are employed for recovering the data at the ground. 
One is to record the data (usually on films) and recover them after the 
rocket has crashed to the ground. The other is to telemeter, i.e. transmit 
to the ground by radio, the ‘ readings’ of the instruments during the flight. 

Destroying the atreamAining , — In |he first there is the unavoi^ble 
risk of damaging the instruments and apparatus and their records due to 
the impact on landing of the rocket with high velocity. This is avoided by 
blowing off, when the rocket is at a height of about 50 km., by TNT 
the war-head. This destroys the stream lining of the rocket and the rocket 
structure is tom apart by the aerodynamical forces as it (mters the denser 
atmosphere below. The velocities of the small-size component parts are 
greatly reduced by the large air-resistance and the landing speed is only of 
the order of 0-1 km./s. (as compared to 1 km./s. for the entire rocket). The 
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instruments and apparatus recovered by this lOethod are, not infrequently, 
in such good state that they are used again. 

Special ^parachutes have also been devised and successfully used to 
land equipment ejected from the war-head at a small speed. 

It is also necessary to locate thef impacts of the rockets. For V-2, this 
is easily done with the help of the optical and radar tracking data sup- 
plemented by search from air. For the Aerobee, a system of sound ranging, 
on lines similar to that employed in World War I for locating li^ge gun 
emplacements, has been developed. 

Telemetering . — Complete system for telemetering to the ground the 
rocket data when it is in flight has been successfully developed by the Naval 
Research Laboratory. The system supplies, on the one hand, the upper 
atmospheric data as indicated by the various instruments and, on the 
other, information about the performance of the rocket when in flight. The 
physical data of the upper atmosphere supplied are temperature and pressure 
at various altitudes, different characteristics of the primary cosmic radiation 
and properties of ionosphere. The rocket performance data telemetered 
are such quantities as speed, acceleration and altitude, skin temperature 
at various critical points, and motion of control flns. These data help to 
locate the cause of any malfunctioning of the rocket during flight, so that 
future improvements on rocket construction can be made. 

The basic method of data transmission from the rocket is to convert 
data voltages into time intervals and is known as the puUe4irm-modulat%oh 
system. The use of pulse system has the advantage of delivering a higher 
peak power with a lower average power consumption and of occupying less 
space than a comparable continuous carrier system. The frequency of 
operation of the system is about 1,000 Mc./s. The frequency is chosen 
because this is high enough to penetrate the ionosphere, and at the same 

time is clear of other frequencies 
used in the flight. 

The telemetering system as 
used in the U.S.A. is a multi- 
channel system. The voltage pre- 
sented to the input of any of the 
channels determines the spacing 
between two adjacent pulses de- 
fining the channel. Channel 1 
determines the spacing between the 
first and the second pulses, channel 
2 that between the second and the 
third, and so on. Thus, for a 
complete sampling of the data in 
y-2, 23 in number, 24 pulses were 
required. Two hundred such samp- 
lings are made each second, a master keyer initiating the sampling process 
at a uniform rate. The distinction between different groups is made by 



Fio. 7. A telemetering receiving antenna 
installed at White Sands Proving 
Qxoimd, New Mexico, for signals 
telemetered from V-2. 
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allowing for a sufficiently long time between the initial pulses of each 
group. This makes the interval between the last pulse of one group and 
the first of the next Very much longer than any of the measuring intervals. 

The data thus transmitted are received at the ground stations and the 
original voltage forms are recovered from the time-modulated signals 
(Fig. 7). The original data are then separated into various channels, 
di^ftayed on meters, and recorded by different methods. The purpose of 
using different methods for recording is to safeguard against the possibility 
of fidhire of one method. The principal record is made on a moving strip 
of^hotographic paper by means of Hathaway magnetic string oscillograph. 

The telemetering equipment for Aerobee is a small (weighing only 20 
lbs.),'FM-on-FM, 6, channel, 85Mc. unit developed by the A.P.L. [8]. 
The overall accuracy of the system is claimed to be better than five per cent. 

4. MEASUREMENTS AND RESULTS 
(a). Ultraviolet solar spectrum 

The study of ultraviolet solar spectrum yields data, on the one hand, 
of the transparency of the terrestrial atmosphere and, on the other, the 
intensity distribution in the solar spectrum itself. The arrangements of 
the spectrographs used are briefly described below. 

The spectrographs . — ^The first spectrographs had been designed for the 
region 3000 A to 2000 .A, the portion of the solar spectrum cut off by heavy 
ozone absorption (see Chap. IV, Sec. 1). The dispersive system was a 
concave grating (Rowland mounting) with 15,000 lines per inch and 60 cm. 
radius of curvature. 

A difficult problem in the design of the spectrograph is to ensure 
sufficient illumination on the slit of the spectrograph throughout the course 
of the flight, notwithstanding the changing aspect of the rocket (with 
reference to the sun) due to the roll and pitch. The ideal method of over- 
coming this difficulty is to use sun-foUower mirror which automatically so 
orients itself that the reflected sunlight is always directed on to the slit of the 
spectrograph. . Orating spectrograph with one degree sun-follower system 
has been successfully designed and constructed by the Applied Physics 
Laboratory of the Johns Hopkins University. 

Two slits, centred on opposite sides of the spectrograph, are used to 
provide two independent optical paths so that at least one of the slits is 
always operative. The sun-follower mirror (there are two of them for the two 
slits) is pivoted about a shaft, the axis of which passes through the plane of 
the mirror. This axis and that of the rocket fire so aligned that solar rays 
suffer specular reflection when the latter is parallel to the trajectory. The 
mirror is driven by a motor and its motion is controlled by two photocells 
placed beside the slit. Light falling on the cells is equal when the slit 
is fully illuminated. The arrangement is such that the image of the sun is 
swept across the slit and is held there soon after the mirror becomes 
illuminated again. 
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The film in the ejpeotiognq^ Is loeeted ah the Bohlsod (^lei ThsM 
aie suitable sopfdy and tidu vqp dtums. Shntten are {ffonHled to exohide 
Ught from the film during, change, and, with anitahk cam, any desired pro- 
gramme of expoaurea can be obtained. Figa; 8A and SB, Plate I, are the 
teprodnoticna of a spectrum photographed at height of 136 km. cm July 29> 
IM7, in a succesafol y-2 rocket fiight. 

In an earlier model of the spectrojpraph (using gratfaig similar to'that 
described above) no Ban-follower mirror was used, fristead, the acceptance 
angle of sdar ra 3 rB was increased by replacing the two slits with two 2 mm. 
qdieres of litiiiumfruoride (which is highly transparent to the spectral region 
under consideration). The ‘slits* are then the astigmatio images (0-03 mm. 
in diameter) of the sun formed behind these beads. Two mirrors suitably 
placed direct the li^ts coming idohg the two pafris on the concave grating. 
With such *bead-alitsS though the problem of illumination is partly solved 
the reaoluticm is neceasarily poor as the spectral lines are smeared by the 
change in the aolar angle during an exposure, dn antomatio motor driven 
shutter was provided and tiie film transport mechanism was so arranged at 
the start of the flight that 0*1, 0*6 and 3 sec. exposures are repeated anto- 
matically over- and over dui^ the upward, flight of frie rocket. Fig. 9, 
Plate n, is a reprodooticm of a series of photogra]^ taken udHi this fiTetem 
at different heights on October 10, 1946, in a y-2 rocket fli^dd- A com- 
patkon of tiiis series of spectrographs with those reproduced in Fgs..8A 
and 8B clearly shows the improved resoluticm in the latter. 

Eatennon of the solar aptOrum in the uUravitM. — Perhaps, the most 
striking fsature of the secies of spectra in Fig. 9 is the gradual extensitm of 
the spectrum towards the ultraviolet as the rocket rose leaving below 
more and more osene. (On account of unfavourable aspect spectrum O 
at 88 loi). is weak). Wavelengths -in the ultravidet up to 2100 A were 
recorded, thouf^, these do not show in the reproduction. 

A VWtieai diiddbptien curve of ozone has been prepared by analysis of 
these and biier itfidflar spectrograms. Thu general shape of the curve 
agrees with that obtained by the Umkehr effisct [see Chap. ly. See. 
8(e)], but a doable peak was observed in the distribution. It is difficult 
to say, how far the double peak is genuine. No such doable peak was 
observed in the balloon measurenients carried out in New Mexico, U.SJ1.., 
by Begener [Chap. ly. Sec. 3(6)]. 

The spectrograms in Figs. 8 and 9 show for the first thne IVaunhofer 
lines in the region of solar spectrum cut off by ozone. are of great 

interest to tiie solar physicists. Of these lines, a^laife number has been 
identified as due to Fe and FO'*' (with the help of mnl%let taMe pr^ w red by 
Mrs. 0. B. M. Bitterly [4]). Amongst othw consj^cuous Ihies amy be noted 
the respaance absorptfam line dns to Mg+(*P ^iS) *t' 2862 A and the enor- 
mously sfrmig absorption near 2800 A due to the resaieace doul^ Mil^ 
(*P «^ id) at AA 2796-2802. The latter is tiie malcgae <ff the J7 and JT Ihies 
^da# to Ca^* in the visible qm” **” "**" The inagnesiam dontdet isy however, 
|m&h stoonger ^ause the ffieeater abun^ce of msginesiiae^ CN&er 



8A and 8B. Plate I — ^Solar spectrum at a height of 136 km. taken on July 29, 1947. 
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ooDBpiouotis lines identified axe at 2610 A and 2881 A (very strong) dnei to 
Si and at 2478 A due to C. 

The spectral intensity distribution in' the Wavelength range 3400 A 
to 2200 A as approximately oidculated is shown in Eig. 10. The important 



Fio. 10. Intensity distribution in the solar spectrum (lower curve) in the wavelength 
range 2200 A to 3400 A. Mote that the average intensity is signifloanttyhelow that 
of the 0000*K black body os usually assumed for the sun. 

thing to note in the figure is that the average energy is significantly below 
that of the ideal fiOOO’K black body as usually assumed. (Compare Fig. 1 , 
Chap. IV). If this preliminary result is confirmed, then one will have to 
modify the calculations on ozone distribution and on- the ozone’ heating 
effect which have been made on the assumption that the intensities in the 
active wave bands in the solar spectrum are as expected from a 6000°K sun. 

(6) Pressure measurements 

The meaeuring inetrumente , — ^The pressure varies within an enormously 
wide range — ^from 666 mm. at the elevation of the site of flight (White 
Sands Proving Ground, New Mexico) to 10~* mm. at the altitude of 160 km. 
Different measuring devices are, therefore, used for the different ranges. 

For the lower atmosphere in the range 760 mm. to 100 mm. bellows 
gauges are used. In such gauges the shaft of a ' mirrotorque * potentiometer 
is turned by the movements of an aneroid bellows. The potentiometer 
controls the voltage applied to the telemetering system. ISro bellows 
gauges are used for the above range of pressure. 0iwfor760mm. to'lOOmm. 
and the other for 100 nun. to 10 mm. 





570 


UPPER ATMOSPHERE 


COUP, zn 


For the range 10 mm. to 0*01 mm. ‘ hot-'wire’ or Firani gauges are used. 
In this type of gauge the cooling effect of the gas present on an dectricalty 
heated mre is measured. The voltage drop across the heated ‘wire element 
is telemetered. The entire range 10 mm. to 0*01 mm. is covned in three 
eteps. * ' 

For the range 10"* mm. to 10 ~b nun. Philips discharge gauge is used. 
In this commercial gauge the flow of ions between two electrodes due to 
the application of 3,000 volt potential between them is increased by a 
magnetic fleld. The magnetic field is so inclined to the dlectrio field, that 
the dectrons afe compelled to move in helical paths of great length round 
the field before reaching the anode from the cathode. The chance of ioni* 
zation by collision is thereby greatly increased and so also the discharge 
current. The discharge current which passes through a resistor produces 
« voltage drop and this is telemetered. The entire pressure range (10~* to 
10**s mm.) is covered 'with resistors of different values. 



Pio. 11. Pnssure w. altitude curve 'over White Sands Proving Grounds, New 
Mexico, as deduced from rocket measurements on October 10, 1046, and Match 7, 
1947. 
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The ambient pressure, as also the so-oalled ram pressure (pfearaiB of 
the air which has been compressed at the front, e.g. an opening in the nooe, 
due to the high velocity of the rocket) have been measured. The former, 
up to about 80 mm., was measured by Pirani gauges placed outside the 
•rocket (y-2) just forward of the tail section. { The pressure here was very 
nearly equal to the ambient pressure as checkeid by wind-tunnel test. The 
latter was measured at the nose of the war-head by Philips gauge. The 
ambient pressure could also be deduced from the ram pressure by the 
theory of Taylor and Maccoll. This gave pressure values up to 120 km. 

The results of pressure measurement as made in two successful V-2 
rocket flights on October 10, 1946, and March 7, 1947, are depicted in 
Kg. 11. 

For the portion below 25 km., the pressure was obtained from balloon 
data taken within one hour of the rocket flight. These are included to 
complete the curve. The pressure values are within the limits of variation 
(diurnal and seasonal) as predicted in the Ts.bles published by the National 
Advisory Committee for Aeronautics (N.A.C.A.). 

(c) Temperature measurements (indirect) 

On account of the velocity of the rocket being considerably greater 
than the average velocity of air-molecules it is not possible to make direct 
measurement of air temperature. (At the instant the fuel is burnt out, the 
velocity is three times the average molecular velocity for the V-2 rocket.) 
At such velocities the temperature of the air mass to be measured is pro- 
foundly modified. Further, with the decrease of density with height the 
heat content of the atmosphere also decreases. Hence, for the great heights 
(above 60 km.,) the temperature of the measuring thermometric elements, 
even with careful shielding, is controlled by radiation and not by heat 
transfer by air conduction. For these reasons the temperature is determined 
indirectly from the data of pressure measurements. Two methods of 
utilizing the pressure data have been successfully employed. 

The first is from the slope of the log p~A curve. We have from Eq. (7), 
Chap. I, Sec. 3(6), 



The negative of the slope of the log p-h curve is thus proportional to the 
scale height H = kTImg, Now, as discussed in Chap. I, Sec. 4, the composi- 
tion of the atmosphere may be assumed to remain unaltered up to at least 
80 km. level. (This conclusion is corroborated by the results of analysis of 
air samples collected in rocket flights at the iieight of 70 km. Vide infra.) 
Hence, if m is taken to be the mean molecular mass of air, the temperature 
at any height can be calculated. A close inspection of the curve in Fig. 11 
will reveal the positions where there are changes in the slope. The heights 
at which such changes are noticed may be compared with the heights 
where the temperature gradient changes. 
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The second method is to oomiMxe the ram pressoie with the ambient 
pressure. The ratio of the two pressorec^dqiends in a known manner on the 
ratio of the velocity of the rooket to /that of fonnd, the so-called Mach 
number (If). ForlargevalnesofJf this ratio is equal to 1 -29 Jf*. Hence, 
fiNHU the value of M (as calculated firom the ratio of the two pressures) and 
from the velocity of the rooket (which is. tracked throughout th^ flij^t) 
the veloity of so und a t any height is determined. This velocity being 
proportional to y/ T/mg, the temperature is easily calculated. In Fig. 12 the 



Fie. -12. niostcating the variationa of ram preaBura and ambient preasure as loooided 
in tha V.2 lookat flight on Uoroh 7, 1947. (Only tha smoothad-out-.ciuvaa have 
baen drawn omitting tha raoordad points.) Baoords in tha tropoapherio ragion 
ata from those obtained in a balloon flight made at about the same time. 

graphs of the variations of the ambient pressure and ram pressure are 
givpn. The data for ambient pressure, up to about 16 km. are ^m ballomi 
recordings. 

The temperature curve as obtained by the above method [6] is shown 
in Fig. 1, p. 681, Chap. XIII. It should be mentioned that the probable 
errors of measurement are rather large being ±20*’C. from 60 to 60 km., 
drlO’C. at 66 to 70 km. and db^O^C. at 72 to 76 km. For regions above 
100 km., the error is ±40°C. 

The some pressure data have also been examined by Nazardc [6J. 
The most important result obtained by this author is that iliere appears to 
be an irregularity near 100 km., (in the transition layer Ot-*> 0+0) where 
the temperature decreases slightly. 
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It may be noted that though it had not been possible to masw direct 
noeasoranents of ambient temperature, the skin temperature of the rocket 
near the nose has been measured intii the help of platinum resistance 
thermometer. Thus, the rise in temperature in y-2 rockets are 120°:h 
6°0t on the 0*1 inch thick aluminium forward section, and 86°±6°C. on the 
0*1 thick steel immediately behind the aluminium section. 

(d) Ionosphere experiments 

These experiments were designed to determine the change in the 
refractive index of the atmosphere at ionospheric heights due to the influence 
of electrons and ions present there. The method consists in observing 
the difibrence in the velocity of propagation of two waves, one on 4*6 Mc./s. 
(which was close to the critical frequency of the ^-layer at the time of the 
flight) and the other near 26 Mc./s. which is so frur removed from this fre- 
quency that its velocity is not affected by the ionization. Waves on these 
two firequencies are sent out from the rocket, the higher frequency being 
obtained by a six-fold frequency mulriplicaticm of the lower. 

At the ground station the lower frequency after being received is 
multiplied six times and mixed with tiie higher frequency in a beat 
frequency debtor. In observations taken in course of a y-2 rocket 
flight on March 7, 1947, it was found that as long as the rocket was in the 
region below the fll-layer (in which there is no large ionization) there 
were no beats. But as the rocket entered the £-layer beats, whose frequency 
increased progressively, were obtained up to 4n altitude of 110 km. The 
beats disappeared at this height and were again obtained for a ccmsiderable 
time on the downward flight. 

Analysis of such data, so fiw as have been made, have yielded 
estimates of the effective, rather than the actual, electron number densities: 
Thus, the preliminary analysis of data obtained in a flight on January 22, 
1948, shows that for the region below 86 km. the effective electron number 
densiiy was less than 10*/om.* rising to about 2‘3xlOS/cm.* at 100 km. 
The density was appreciably less, than 10S/cm.> at 130 km. and appeared 
to have again increased at 166 km. [2]. 

(e) Analysing coniposltlon of the Upper Atmosphere 

The chemical composition of sir at 70 km. height has been determihed 
Afid Kaa been found to be practically the same as that in the troposphere. 

For such determinati<m8 samples of air have to be collected whm the 
rocket is in fitee flight (i.e. after the fuel is burnt out). A method of doing 
this, as has been snocessfrilly developed by the Department of Aerodynamics 
<ff Univeirsiiy of Michigan, n.S JL, is as follows. The air is coUected 
in steel bottles which had been evaluated prior to their being fitted in the 
rocket. The bottles are connect^ to a 'flusbing-chamber’ through a 
thin-walled tinned copper tube and a break-seal. Ambient air, from an 
inlet port in the side of the rocket, streams through the flushing-chamber 
and is dischaiged out of a *r e v er se.sco<qp* neater the tail. The break-seal 
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is aatmiatically opened at a pre-determined instant of flight when air 
from the flushing-chamber enters the evacuated steel bottles. After a few 
seconds the bottles are automatically sealed off by a device which heats and 
simultaneously squeezes the copper tube. After recovery the gases from the 
bottles are pumped into lime-glass bulbs for distribution to the organizations 
which are to carry out the analysis. 

The gases of a few such bottles (collected in V-2 rocket flights) were 
analyzed by Chackett, Paneth and Wilson [7] with the result as described 
above. In the actual analysis the ratios of helium and neon to nitrogen 
(plus argon), as also the ratio of argon to nitrogen (plus argon) were deter- 
mined. No significant departure from the proportion in which these gases 
exist in the gromid-level air was detected. This shows that there is no* 
diffusive separation of gases at least up to this height. (See Chap. I, Fee. 4.) 
It is interesting to note that the bottles did not contain any oxygen. This 
is because it was removed by combination with copper of the copper tube 
(connecting the bottles with the flushing chamber) when it was heated for 
the seal off. In one of the samples analysis was made for hydrogen. But 
it was not found in detectable quantity, i.e. it was less than 0*1 per cent. 
(See Chap. X, Sec. 8.) 

(/) Aerial Photography 

One of the main objects of taking the photographs is to secure informa- 
tion regarding the various motions executed by the rocket in course of its 
flight! Amongst other purposes may also be mentioned information about 
corona discharge, if any, from the radiating elements. Fig. 13 is the 
reproduction of one of a series of photographs taken from V-2 rockut on 
March 7, 1947, fired from the White Sands Proving Grounds, New Mexico. 
The photograph was taken from an altitude of 162 km. with K-25 aircraft 
camera. There were two such cameras mounted symmetrically on opposite 
sides of the central section of the rocket. The field of view of the cameras 
(provided with right-angled prisms) was directed towards the tail of the 
rocket making an angle of 20 ° with its axis. The photograph shows the 
aspect of the country towards the south-west from the rocket. The Gulf 
of California and the peninsula of Lower California are clearly seen. The 
curved horizon is 1,500 km. towards the west and the photograph covers 
more than 5*18 x 10^ sq. km. of United States and Mexico. 

(g) Magnetic field at high altitude — evidence of upper atmospheric 
current sheet 

The terrestrial magnetic field at high altitude (100 km. above sea-level) 
has been measured with a view to obtain evidence of the world-wide 
electric current sheets which cause quiet-day terrestrial magnetic variations. 
(See Chap. VII, Sec. 5.) 

A total-field magnetometer, whose ‘readings’ are independent of its 
orientation has been specially designed and built for the purpose by the 
Naval Ordnance Laboratory and the Bell Telephone Laboratories. The 
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Fra. IS. Fhotograph of the earth aurlhoe takeo from an altitude of 162 km. over 
the White Sands Proving Grounds, New Mexico, U.S.A., on March 7, 1947. The 
photograph shows the aspect of the country towards the south-west. The gulf 
of California and the peninsula of Lower California are clearly seen. Tho curved 
horizon is 1,500 km. towards the west and the photograph covers more' than 
5-18x10* sq. km. of United States and Mexico. (Official United States Naval 
Photograph.) * 

magnetometer consists of three mutually perpendicular coils wound on 
pennalloy. These are driven by an oscillator and the output voltages of 
the three elements are squared and added. The resultant signal is thus 
proportional to the square of the magnetic field acting on the coils. The 
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magnetometer, together with the power supply (storage batteries and 
dynmnotors), photo-orienter (for indicating the aspect of the rocket with 
respect to the sun), cut-ofif receiver, pressure gauges and the telemetering 
system are installed in the forward section of an Aerobee rocket. 

A first attempt at obtaining evidence of the upper atmospheric current 
sheet was made at White Sands Proving Grounds, New Mexico, on April 
13, 1948, at 1441 hours M.S.T. The height reached was 113 km. above sea- 
level (112 km. above ground level), and, though the variation of total field 
intensity with height was found to agree closely with that calculated firom 
the inverse-cube-law, no evidence of the current layer was obtained. The 
reason for this failure was ascribed to the unfavourable site of the rocket 
flight [8]. The expected ' discontmuity ’ in the total field due to current 
sheet at this site (41'' North magnetic latitude) is only 10 to 20 gammas, 
while the decrease in the total magnetic field intensity due to the inverse- 
cube-law is 28 milligauss. (1 gamma — 10-5 gauss.) 

However, later attempts made at more favourable location near the 
magnetic equator have proved successful [9]. At such latitudes the 
expected discontinuity is 200 to 220 gammas, and decrease in field intensity 
due to the inverse-cube-law is only 13 milligauss. 

The Aerobee sounding rocket (A-11), with the magnetometer mounted 
as described above, was fired on March 22, 1949, at 1 120 hours (90th meridian 
time), when the diurnal magnetic variation at the surface is about the maxi- 
mum, from the seaplane tender USS Norton Sound, off the west coast of 
Peru (geomagnetic latitude —1", geomagnetic longitude 341'’). A decrease 
in the field intensity of about 400 gammas between 93 km. and 105 km. was 
obtained, in addition to the inverse-cube-law decrease. This decrease 
corresponds fairly well with that calculated from the diurnal variations 
recorded at the ground. More accurate agreement could not be obtained 
as a magnetic storm was in progress at that time. 

It is interesting to note that the records of a similar Aerobee flight 
made a few days earlier (March 17, 1949) from the same place but at 1720 
hours, did not show any discontinuity. This is as expected. The diurnal 
variation of the terrestrial magnetic field (and, hence the overhead current 
intensity) is small at this hour. (See Pig. 12, Chapter VII.) 

The results of these flights provide direct experimental evidence of the 
existence of electric current systems in the J^-region of the ionosphere and 
thus support the dynamo theory of quiet day terrestrial magnetic varia- 
tions (Chapter VII, Sec. 5). 

(A) Other investigations 

Among other investigations that have been carried out with rocket- 
borne instruments mention may be made of measurements on cosmic rays, 
on day air-glow and scattered light and on the solar constant. 

(i) Cosmic rays.— Rockets have carried cosmic ray measuring appa- 
ratus to heights up to about 166 km. However, in spite of such great 
heights atitained, rocket exploration has not been able to add as much 
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infonnation on oosmio rays as desixed. This is because the rocket stays 
above the * top ’ of the atmosphere for a very short time (only a few 
minutes) and also because scattering and shower formation on the walls of 
the rocket interferes with the observation. As such, sounding balloons 
which go only up to 30-35 km., but may stay up to 8 his., are still the most 
useful agency employed for cosmic ray study. The important result that 
has been obtained by rocket observation is that the counting rate with 
Geiger counters after attaining a maximum at about 20 km. (as observed 
in balloon experiments) decreased and remained practically constant from 
a height of 65 km. This shows that above 55 km. there are only primaries 
and that the ‘ top ’ of the atmosphere had been reached. 

The primary particles at the *top* of the atmosphere consist mostly of 
protons arriving isotropically from all directions. Balloon experiments 
have also shown evidence of multiply-charged nuclei, stripped of outer elec- 
trons, above the * top ’ of the atmosphere. It has also been found that the 
cosmic ray radiation at the * top ’ depends to some extent on the latitude 
of the place of observation, the relatively low energy particles being 
deflected towards the terrestrial magnetic poles by the combined actions of 
the solar and terrestrial magnetic fields [10]. 

It is interesting to note that suggestion has been made that variation 
of cosmic ray intensity with altitude may be utilized to determine the 
rocket trajectory [11]. 

(ii) Day air-glow . — Preliminary measurements have been made on day 
air-glow, at 136 km. height with monochromatic photoelectric photometer. 
The results show that the value of the day air-glow is much larger than 
that predicted by the existing theories. Further experiments on the 
subjept are in progress. 

(iii) Solar constant . — ^Intensity of the solar radiation has been measured 
at an altitude of 65 km. by the University of Rhode Island, under contract 
with the U.S. Air Force, using a * semi-conductor ’ type of bolometer 
(thermistor bolometer) as detector of the radiation. The preliminary 
results obtained show that the values cluster round 2 gram calories per 
square centimeter per minute (see Appendix, Sec. 1). It is planned to 
improve the apparatus in future measurements. 

(iv) Wind and temperature meamrementa . — Specially generated smoke 
clouds have been used by the U.S.A. Signal Corps to *determine winds in 
the stratospheric regions. 

The temperature in the region 50-60 km. has also been measured 
by the Signal Corps by measuring the velocity of sound produced by firing 
of explosive charges when the rocket is on the ascent [2]. 

(v) Suggested inveatigationa . — Other experiments with rocket-borne 
equipment that suggest themselves are : direct spectroscopic observation 
of the variation of atmospheric absorption with height and location of the. 
emitting layers in night air-glow. 0*Day has suggested that high- 
frequency high-tension coronal discharge may be produced in the surround- 
ing atmosphere from the nose of the rocket and that the spectrum of the 
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disohaige glow oould be xeoorded by a fast speotrognun suitably located 
witbin the rocket. 

It can be oonfidently predicted that with improved ^^pes of rockets 
and with improved instromentation and recording technique many of the 
physical dhawacteristics of the upper atmosphere, our knowledge about 
which is poor and which is gained only by indirect methods, will be directly 
measured cmd so yield sure and complete data. 
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CHAPTER XIII 


CONCLUDING REMARKS 
1. SUMMARY 

In concluding the treatise it would be useful to give a summary of the 
contemporary state of our knowledge of the physical state of the upper 
atmospheric regions. 

Composition ^ — ^The atmospheric composition in the troposphere, accord- 
ing to the best available data is as shown below [1] : 


(per cent by volume) 


Nitrogen 

7808 

Oxygen 

, 99-9 

Argon 

0-93 f 

Carbon dioxide 

003, 

Neon • . 

l-8xl0-« 

Helium 

6x10-* 

Krypton 

1X10-* 

Xenon 

lxl0-» 

Ozone 

Variable : >1x10-* 

Radon (average near ground) 

6xl0-»» 

Hydrogen 

Doubtful : <lxl0-* 


This composition, at least insofar as the principal gases oxygen and 
nitrogen, and the minor gases argon and helium are concerned, is main- 
tained at least up to the height 70 km. [2]. 

The atmosphere in the region 10-50 km. is comparatively rich in ozone, 
the maximum concentration being in the region 25-30 km. The ratio of 
ozone to air by volume is, however, maximum at a higher level at about 
36 km. (Chapter IV, Fig. 12). The total ozone content is quite small 
being only equivalent to 0*1 to 0*2 cm. when reduced to the standard 
temperature and pressure, but, it suffices to cut off entirely by absorption 
the solar spectrum between 2900 A and 2100 A. 

There are reasons to believe that in the middle atmosphere round 
67 km. there is a ‘layer’ of molecular hydrogen, with a concentration 
of about 10^0 molecules/cm<. (Chapter X, Sec. 8). 

Spectroscopic evidences have been obtained of the presence of the OH 
radical and of Na atoms in the upper atmosphere [Chapter X, Sec. 4(e)]. 
The former is concentrated more or less at about the height 70 km. (as 
estimated firom measurement of the height of the ‘layer ’ emitting OH bands). 
There is a ‘layer’ of neutral sodium atoms in the region 36-75 km. 
Sodium is also present in the higher regions, but above 100 km. it is almost 
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entirely ionized. The total quantity of sodium is, however, extremely 
small, namely, only about 10*^^ of the atmosphere. 

Above 90 km. the atmospherio composition changes from one of N2 
and O2 to one of Ng and 0 due to the dissociation of O 2 0+0 by absorp- 
tion of ultraviolet radiation (A < 1760 A). Above 130 km. the concen- 
tration of 02-molecules falls to a negligible value as compared to that of 
0-atoms (Chapter V, Fig. 1). 

There is also spectroscopic evidence of the dissociation of N2*->N+N 
in the upper atmosphere, at least, in the regions of auroral displays. 
However, atomic nitrogen may not be as abundantly present and as widely 
distributed as atomic oxygen (Chapter V, Sec. 3). 

The Ionospheric regions , — ^The atmospheric constituents from above 
60 km. are more or less ionized (Chapter VI, Fig. 1). 

The regions of ionization — ^known collectively as the can 

'reflect’ radiowaves and thus play a fundamental role in the transmission 
of radio signals round the world. There are four main regions of ioniza- 
tion, designated Z), E, Fi and F2. Region E has a well defined ionization 
maximum and is situated at about 100 km. height. Region D is present 
only during daytime. It has no such maximum and is just a bank of 
ionization between 60 km. and 100 km. The maxima of regions Fi and 
F 2 lie approximately at heights of 200 and 276 km. respectively. During 
night the two regions Fi and F2 merge together to form a single region of 
ionization called F. 

The upper atmospheric ionization is strongly under solar control, the 
degree of ionization varying with the hour of the day, with the season of 
the year and with the epoch of the solar cycle. The average maximum 
electron concentrations in regions E and F, during the epoch between the 
maximum and minimum of solar activity, are of the orders 10^ and 10^ 
electrons/cm.® respectively. The electron concentration in the D-region at 
60 km. height is of the order 2xl0®/cm®. Higher up, where it mer^ 
with the tail of the F-region, it is of the order lO^cm®. The D-region is 
mainly an absorbing region, but is also helpful in the propagation of long- 
and very-long-waves. 

The ionization is also strongly affected by bombardment of solar 
corpuscles as produce magnetic storms and auroras. During magnetic 
storms and auroral displays the ionospheric condition, particularly in the 
high magnetic latitudes, is greatly disturbed. 

The production of the different ionospheric regions is ascribed to the 
ionizations of the different atmospheric constituents. Thus, Region E is 
believed to be produced in the region of transition 02-»'0+0 by pre- 
ionization of O2 (Chapter VI, Figi 66). Region Fi is produced by the 
ionization of O and Region D by ionization of O2 at their first ionization 
potentials. For F2 no separate ionization process is assumed. It is believed 
to be produced by a sort of bifurcation of Region Fi. [See Chapter VI, 
Sec. 10(d).] 
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The ionized regions being traversed by the terrestrial magnetic field 
exhibit the phenomenon of magnetic double refraction. 

Temperature distribution . — ^The temperature distribution curve as 
shown in the left in Fig. 1 was obtained from balloon and rocket data (see 
Chapter XII, Sec. 4c). The curve on the right is the standard distribution as 


Fio. 1 . Atmospheric temperature dis • 
tribution with height. Dashed- 
line curve on the left — ^Temperature 
distribution with height as obtained 
from rocket data (March 7, 1047). 
Crosses>~data calculated from slope 
of pressure curve. Ctrcles— data 
calculated from ram pressure. Tho 
data for the tropospheric regions 
(triangles) were obtained from a 
balloon flight. Continuous-line curve 
on the right — Standard temperature 
distribution as adopted by the 
National Advisory Committee for 
Aeronautics, n.S.A. 

150 200 250 300 ^0 

TEMPERATURE IN K* 

adopted by the National Advisory Committee for Aeronautics (N.A.C.A.) of 
tho U.S.A. (The height-temperature distribution as depicted in these 
curves was first obtained by Martyn and Pulley from various considerations 
[3].) Tho drop in the temperature in the section 0-18 km. and its subse- 
quent constancy in section 18-32 km. at the base of the stratosphere are, 
as has been known for a long time, the effects of convective and radiative 
equilibriums respectively in these regions. [See Chapter I, Sec. 3(c).] 
The rise in the middle atmosphere in the section 32-65 km. is due to 
absorption of solar radiation by ozone in the region of the Hartley bands 
(Chapter IV). Observations on the abnormal propagation of sound waves 
and critical study of the heights of appearance and disappearance of meteor 
flashes confirm this (Chapters IIIA and IIIB). The drop at 80 km. is to be 
ascribed to the fact that there is no absorption of solar radiation in this 
region. The low temperature is inferred from the occurrence of noctilucent 
clouds within a narrow range in this region. [See Chapter VI, Sec. 14(6), 
Eig. 83, Plate IV.] These clouds consisting of ice crystals are often seen in 
northern countries by being illuminated by the oblique rays of the sun 
from below horizon. The low temperature is also confirmed by radio 
measurements of the scale height J? (= hTjmg). The rise in temperature 
firom abovB 86 km. is ascribed to absorption of solar radiation by O 2 . The 
temperature attained at 300 km. level is variously estimated to lie between- 
600® and 3000®K. The higher values are probably attained only during 
solar flares [Chapter I, Sec. 6(6)]. It is probable that above 300-400 km. 
the temperature &lls gradually to merge with that of interstellar space. 
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Atmoapherie dauity-variation with height , — Bwnlts of oalonlatioiis of 
air density made on the assnmption of a temperature distribntimi of the 


Tabub I 

DiHribulion moUetOar numbw dentUy with height 


- 



1 

Density 



Height 

(km.) 

Temp. 

Total pressure 
(mm.) 

1 (number of partioles per c.c.) 

Remarks. 

(•K) 

N, 

0, 

0 




0 

297 

760 0 

201X101* 

6-00x101* 


Ng and Of tho- 

10 

232 

210*3 

7-16x101* 

1-79x101* 


roughly mixed. 

20 

220 

41-77 

1-48x101* 

3-70x1017 


Temperature 

distribution 

30 

220 

9-36 

3-34x1017 

8-34x101* 


40 

240 

2-05 

6-68x101* 

1-67x101* 


approximates 
to that given 

50 

330 

0-78 

1-86 X low 

4-62x101* 


60 

420 

0*23 

4-28x101* 

1-07x101* 


in Fig. 1. 

70 

460 

0-11 

1-86x101* 

4-68x101* 


Ha 

160 

3-14x10-* 

l-54xl0»» 

3-84x101* 




200 

4-71x10-* 

1-96x101* 

4-78x101* 

2-71x10* 

\ Region of disso- 

Mmm 

240 

1-00 X10-* 

2-82x101* 

7-66x101* 

1-09x101* 

1 ciation of Of to 

B)8 

280 

2-70 xlO-* 

8-68x101* 

8-26x1010 

3-69x101* 

) 0. Tempera- 
1 ture increase is 


320 

8-68x10-* 

2-64x101* 

6-29x10* 

1-06x101* 


360 

3-19x10-* 

8-60x1011 

1-72x107 

3-46x1011 

/ taken to be 
4*K per km. 







(See Chapter 
V.) 

160 

440 

8-71x10-* 

1-47x1011 


1-08x1011 


176 

640 

2-27x10-* 

2-78x1010 


3-28x1010 

Oxygen in 

Wi!« 

640 

7-61x10-7 

4-31x10* 


1-76x1010 

2S0 

840 

1-28 X 10-7 

3-28x10* 


2-66x10* 

atomic state 
only. Diflh* 

. sive separation 
/ of 0 and Kg. 
Temperature 

300 

1040 

3-83x10-* 

4-71x107 


7-16x10* 

400 

1440 

7:23x10-* 

1-93x10* 


1-08x10* 

600 

600 

1840 

2240 

2-26x10-* 

8-86x10-1* 



2-63x107 

8-49x10* 

700 

2640 

6-12x10-1* 



3-41x10* 

1 increase same 

1 as above. 

800 

3040 

2-13x10-10 



1-38x10* 

900 

3440 

1-26x10-10 



7-33x10* 1 

f 


type diown in Fig. 1 is givoi in Table I. (The assumptions regarding 
the degree of mixing at diSerent heights are shown in the last column of 
the Table.) The figures for heights up to 100 km. may be taken as fsirly 
representatire of the average oondition. In support of this it may be noted 
that the calculated pressure at 90 km. is quite close to that deduced fixnn 
radio observations [Chapter VI, Sec. 15(iv)]. The figures for regions above 
100 km. lerd however, somewhat speculative on account of the 
uncertainties in the nature of the assumptions. IlHith different aasump* 
tions the dirtiibution of particle concentration with height will be 
different. As an ezamide we give in Table K, the distribution for the 
‘model atmosphere’ after Gerson [3a]. The assumptions made in the 
conqmtation of the Table ate as follows : 

Temper atur e distribution with altitude is as diown hi Fig. 2 and holds 
at lat. 45^. for January and August oonditicms reqiebtivaly. 
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Fio. 2. Altitude-temperatore distribution in 'model atmosphere* for condition s 
prevailing in January and August Z6q>ectively. (After Gemon.) 


Oxygen dissociation starts at 94 km. level and is 100% at 100 km. 
level the dissociation increasing linearly. 

Complete mixing of the atmospheric constituents at all heights. 

It will be noticed that the distribution of the particle concentrations 
with height up to 100 km. is practically the same in the two Tables. This 
is because of the nearly identical altitude-temperature distribution as- 
sumed up to this height. But, above 100 km. level the figures in the two 
Tables differ even in the order of magnitude. 


Tablb n 
Modd Atmosphm 

(For the assumptions made in the computations see text) 


Height 

(km.) 

Temperature 

(•K) 

Pressure 

(mm.) 

Number density 
^PjkT 

Classical mean 
free path (cm.) 

0 

288 

760 

2M9xlO» 

8-626x10-* 

10*8 

218 

176*2 

7-805 X 10i» 

2-816x10-* 

32 

218 

6*46 

2*860x1017 

7-686x10-* 

62 

330 

1*53 X 10-1 

4-480 xl0i» 

4-906x10-* 

84 

200 

9*03xl0-» 

4-361 X 101* 

6-041x10-1 

94 

262*5 

2*13xl0-» 

7-821 X 101* 

2-811 

100 

300 

l*12xl0-» 

3-693x101* 

6-118 

300 August 

2700 

8*57 X 10-« 

3-064x101* 

7-174x10* 

January 

2000 

2*99xl0-« 

1-443x101* 

1-542 X 10* 

400 August 

3000 

4-27xl0-» 

1-057x101* 

2-079 X 10* 

January 

2850 

l*16xl0-» ^ 

3-929x10* 

6-594x10* 


Tides and loinda , — ^The atmosphere, like the oceans, is subject to large 
scale oscillations (tidal) due to the gravitational pulls of the sun and the 
moon (Chapter II). There are, however, two significant differences. Firstly, 
owing to the temperature drop at 60-^ km. level the atmosphere, as a 
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whole, has more than one mode of oscillations. Besides the mode with 
the period of 10| hours (as excited by catastrophic explosions) there is, 
amongst others, one with period of nearly 12 hours, that is, almost exactly 
equal to half the solar day. As a result of this the solar tidal oscillation (in 
contrast to those in oceans), is greatly enhanced by resonance and 
exceeds the lunar oscillation by sixteen times. Secondly, the heating effect 
of the sun excites tide-like oscillations and contributes about 60% to the 
total of the solar oscillation. The solar oscillations manifest themselves by 
rhythmic daily rise and fall (amplitude of the order 1 mm.) of the barometric 
pressure. The lunar oscillations are not so easily observable, but are detected 
only after laborious statistical analysis of many years’ data. 

The upper atmospheric regions are also subject to winds. The pri- 
mary cause of such wind circulation (apart from tidal forces which cause 
wind-like motions) is absorption and radiation of energy derived from the 
sun by agents like ozone in the middle atmosphere and oxygen (and, 
probably also, nitrogen) in the ionospheric regions. The absorption heats 
the atmospheric gases, and, the temperature attained is determined partly 
by radiation and partly by conduction and transportation of heat into and 
out of the heated gas. Of these, effect of conduction may be negligible. 
But transport of heat, due to convection, turbulence and general circula- 
tion, may be quite important and be the decisive factor in determining the 
temperature. 

Now, in Fig. 2 the temperature profile of the atmosphere has been 
drawn, showing the vertical gradients, up to the ionospheric regions. A 
quite large seasonal variation of temperature has been shown in the 
ionospheric regions. Such seasonal variations also exist in the middle 
atmospheric regions as evidenced by abnormal wind propagation data and 
by observations on meteor trails. There are thus meridional temperature 
gradients at different levels, for example, when it is summer in northern 
hemisphere and winter in the southern and vice-versa. These temperature 
gradients — ^vertical and horizontal — are the immediate causes of the 
establishment of general wind circulation ; for, there must be transport of 
heat from regions of higher temperature to those of lower temperature. 
(It is to be noted that the effect — wind circulation — also influences the 
cause — ^temperature gradient. But, this may be neglected in a first order 
approximation.) The circulation, as in the lower atmosphere, is controlled 
by the rotation of the earth (deflecting the north-south flow into an east- 
west flow), by the conservation of angular momentum (the momentum 
being transppi^d poleward or equatorward according as there is a 
northerly or southerly meridional exchange of air mass) and, in the 
highest ionospheric regions, by internal friction arising out of viscocity 
(see Fig. 3, Chap. I) producing large wind components across the isobars. 

The methods direct and indirect by which wind data in the upper 
atmospheric regions have been collected, have been discussed in the 
precedizig chapters in appropriate places. These are: Balloons, smoke 
shells and* rockets ; abnormal sound %ave propagation phenomena; obser- 
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▼ations on meteor trails and nootilucent olonds ; radio^pulse explorations ; 
studies of barometric oscillations and geomagnetic variations. 

Surveys of the contemporary state of our knowledge — both theoretical 
and experimental— of the general circulation of wind in the upper atmos- 
pheric regions have been made by Kellog and Schilling [4] and also by 
Wan-Cheng Chiu [4a]. The former authors have also prepar^ a schematic 
representation of the meridional distribution of the wind system up to 
120 km. Upper atmospheric wind circulation has also been considered 
by Yerg [46]. According to this author the viscous action is maximum at 
.200 km. altitude. Taking this and the observed temperature lapse rates 
into consideration a simple meridional circulation is developed with a 
northward flow below and a southward flow above 200 km. In Fig. 3 we 
reproduce tentative curves of variations of wind-velocity (easterly or 
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Fio. 3. Estimated distribution of wind 
(east and west components) with height 
in middle latitudes for summer and 
winter seasons. The height is given in 
logarithmic scale to enable one to infer 
directly the approximate mass flow. 
On the right, the meridional tempera- 
ture gradient for quasi -geostrophio 
winds is diown. (After Sheppard.) 


westerly) with height, for middle latitudes in northern hemisphere,, prepared 
somewhat earlier by Sheppard [4c]. The observations on which the 
curves are based are as follows: 

In the troposphere a fairly well defined wind with a maximum of 30 
m./sec. in winter is obtained from baUoon measurements. 

According to Johnson’s measurements [5] by smoke-shells (Southern 
England) there is, at 30 km., a mean flow of *37 m./sec. from a westerly 
quadrant in winter and 12 m./sec. from an easterly quadrant in suxhmer. 
An easterly wind of 30 m./8ec. in summer has also been reported by Gutenberg 

[6] at New Mexico, U.S.A. 

For the higher regions wind data are obtained from movements of 
noctilucent clouds [Chapter VI, Sec. 14(6)], from rocket data, from distortion 
of long-lived meteor trails and from motions of ionospheric ‘ clouds’. 

From a 13-year series of observations on noctilucent clouds and on 
meteor trails carried out at Soflneberg Obs6i;vatory (50^N.), Hoffmeister 

[7] obtained the following results. Up to the 80 km. height easterly wind 
prevails. Between 90 and 100 km., wind from westerly quadrant predo- 
minates, though, rather irregularly. In the region of 120 km. wind from 
the south-west quadrant prevails in summer, the mean speed being fiOm./sec 
(with a maximum of 100 m./8ec.) and from south-westerly or northern 
quadrant in winter with speed up to 270 m./sec. (mean south-westerly speed 
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65 m./sec. and mean northerly speed 89 m./8ec.). A few observations 
carried out in South Africa at 23^8. lat., however, showed winds from all 
directions. 

For the 100 km. region and also for the higher regions, up to the height 
of the F-layer, radio observations on* ‘clouds’ of high ionization density 
indicate the presence of motions which may be regarded as winds rather 
than movements due to tidal pressure waves [8, 9, 9a] (Chapter VI, Sec. 14). 

In Fig. 3, besides the wind velocities mentioned above, the meridional 
temperature gradients are also shown on the right. 

Electric current system in the upper aJtmosphere. — ^The conducting ionized 
regions also participate in the tidal-cum-thermal motions described above. 
As the conducting regions move, cutting the magnetic lines of force of the 
earth, E.M.F.’s are developed which produce worldwide electric current 
systems (Chapter VII, Sec. 5). These current systems produce the so-called 
quiet day variations in the values of terrestrial magnetic elements as 
recorded at magnetic observatories. The current systems are, however, 
pronounced only in the lower ionized regions (the Z>-region and the F-region) 
where the mean free paths of the electrons are small. In the upper F-region, 
where the mean free paths are large, the effect of the tidal and/or thermal 
forces on the motions of the ions and electrons is more complicated due to the 
presence of the terrestrial magnetic field. They are responsible for most of 
the anomalous behaviours of the F-region of the ionosphere {vide supra). 

Night air-glow, — ^The upper atmospheric regions are found to glow 
faintly at night (Chapter X, Sec. 4). Spectroscopic examination of this 
‘ air-glow’, as it is called, shows that it consists of (besides a continuous part) 
line radiations from 0-atoms (red and green) and Na-atoms (yellow), bands 
due to N 2 -moIecule (red and blue-violet), OH-radical (red and in&a-red) 
and 02-molecule (blue and ultraviolet). The source of energy necessary for 
the excitations of the atoms and molecules is believed to be the solar radiant 
energy stored during daytime in the dissociated 0-atoms and/or in the 
ionized products (electrons and ions) in the upper atmospheric regions. 
Many possible processes of the excitations have been suggested and examined 
but none of them appears to be entirely satisfactory. (For example, it has 
been suggested that the atomic oxygen lines and N 2 -bands may be emitted 
in course of mutual neutralization of O" and N 2 + ions.) The heights of 
the emitting ‘ layers’ (there may bo different emitting layers for the different 
omissions) have been measured. The measurements are made difficult by the 
fact that the intensity of light is not uniform over the whole of the observed 
region. Some, at least, of the emitting layers appear to be identifiable 
with the ionospheric layers. Thus, the height of the region emitting the 
sodium and the oxygen lines is about 250 km., i.e. the height of the F-layer. 
It is also believed that part of the air-glow may be due to impact of extra- 
terrestrial particles with the upper atmospheric gas particles. 

The fringe region of the atmosphere — the exosphere.-- At the ‘top’ of the 
atmosphere the atoms and molecules have long free paths specially in the 
outward radial directions. The atoms and molecules in this r^ion receiving 
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impacts from the air particles from the denser regions below rise and fifiJI 
describing enormous orbits. (Chapter I, Sec. 6(c), Fig. 2). The region 
where the particles describe such orbits is called the fringe regum of the 
atmosphere or the exosphere. The base of the exosphere is estimated to 
lie between 300 km. and 700 km. and it merges into the interplanetary space 
at a height of 2,000-2,600 km. 

To explain the phenomena of zodiacal light it has been proposed by 
more than one author that the atmosphere, in its highest regions, is not 
symmetrically disposed round the earth. Towards the sun its extension 
is comparatively small ; but, in the direction away from the sun it extends 
as a ‘tail’ to great lengths — ^to many thousands of kilometres. (See 
Chapter X, Sec. 2, Fig. 10.) 

Atmospheric particles as are light may acquire velocity high enough to 
overcome the gravitational pull of the earth and escape from the atmosphere 
altogether. It is generally supposed that helium is thus escaping steadily 
from the terrestrial atmosphere. Otherwise, the helium content of the 
atmosphere would have been much greater due to accumulation through 
the geological ages [Chapter I, Sec. 6(6)]. 

Solar control , — ^The physical state of the upper atmospheric regions 
is under strong solar control. 

Thus, the ionospheric conditions vary not only with the hour of the day 
and the season of the year, but also with the epoch of the 11 -year solar 
cycle. (It is to be noted that the conditions of neither the troposphere 
nor of the ozonosphere show any association with the solar cycle variation.) 

The control is exercised through the solar ultraviolet light radiation 
(the whole of it below 3000 A — except perhaps a short range of wavelengths 
at 1900 A — ^is entirely absorbed in the upper atmosphere), and through 
solar corpuscular radiation — both charged and uncharged. 

The solar ultraviolet radiation consists not only of black-body radiation 
(as usually supposed) but also of radiation from solar dares and from the 
inner corona. 

As a result of the ultraviolet light absorption there are allotropic 
modification (ozone production), ionization (formation of the ionospheric 
regions) and dissociation (O 2 0+0) of the upper atmospheric constituent- 

gases. 

Of the corpuscular radiation, the corpuscles which are charged 
concentrate round the regions of magnetic poles and are responsible for the 
production of magnetic disturbances and of the auroral displays. Difficul- 
ties are, however, encountered if it is assumed that particles of one sign 
only are travelling from the sun to the earth (Chapter IX, Sec. 1). Hence, 
it is believed that charged corpuscles of both signs are emitted from the sun, 
in the form of beams which are electrically neutral as a whole, specially 
during periods of high solar activity. The time taken by the particles to 
reach the earth from the sun is of the order of a day. Direct spectroscopic 
evidences have been obtained of the entry of hydrogen and calcium ions 
in the upper atmosphere in the polar regions [Chapter IX, Sec. 2(d)]. 
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There are evidences (e.g. erratic fluctuations of the night air-g^ow 
intensity) which show that the upper atmospheric regions are also bombarded 
by neutral particles. These may either be of solar origin or may be exist- 
ing in the interplanetary space and are swept into the terrestrial atmosphere 
as the ea^ moves in its orbit. 

2. SOME UNSOLVED PROBLEMS 

From the above summary it is evident that notwithstanding the many 
difficulties, a considerable amount of knowledge of the physical state of the 
upper atmosphere has been gained by the various methods of direct and 
indirect attack. There are still, however, large gaps in our knowledge. 
This is due not only to the inaccessibility of the regions concerned but also 
to the inadequacy of our knowledge of many fundamental laboratory data 
of the atmospheric constituents. But, perhaps, the greatest obstacle has 
been our imperfect knowledge regarding, the nature of the extreme ultra- 
violet radiation from the sun. It is, however, hoped that this gap will soon 
be fllled up by the rocket explorations. 

In what follows we will attempt a rapid survey of the many upper 
atmospheric problems that are still awaiting solution. 

Distributiona of atomic oxygen and atomic nitrogen , — ^Many theoretical 
estimates have been made of the relative distributions of molecular and 
atomic oxygen in the upper atmosph^ (Chapter V, Sec. 2). But, on account 
of the many uncertainties involved, specially temperature distribution and 
intensity of the dissociating radiation, the problem is not yet completdy 
solved. (See, for example, ref. [96].) Accurate knowledge of the distri- 
bution of O 2 with height in the transition region is very important, 
because, according to more than one author, the flr-layer of the ionosphere 
is formed 1^ ionization of O 2 in this region [Chapter VI, Sec. 10(d)]. 

Existence of nitrogen also in the atomic state in the upper atmosphere 
is now proved by spectroscopic evidence (Chapter V, Sec. 3). But, little is 
known about its relative abundance and geographic distribution. There 
is also difference of opinion about the mode of its production — ^whether 
it is by dissociative recombination of the N 2 '^ ion or by pre-dissociation of 
N 2 in the range A 1260-1160 or by direct bombardment of N 2 molecules by 
solar corpuscles. For the last named process the dissociative action will be 
confined more or less in the polar regions. 

Height of diffusive equilibrium, — ^It is important to consider at what 
height above 70 km. diffusive separation becomes important, because, 
this will determine the relative abundance of molecular nitrogen and of 
atomic oxygen and atomic nitrogen in the highest regions of the atmosphere. 
The solution of the problem is again rendered difficult by the uncertainty 
regarding the temperature distribution in and above the region of dissocia- 
tion of O 2 . Thus, according to some estimates, the level of diffusive separa- 
tion is round 300 km. (Chapter I, Sec. 4). This would mean that the highest 
regions of the atmosphere should consist almost entirely of atomic oxygen. 
But in the region of sunlit auroras, even at the height of 1,000 km., the 
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intensity of the first negative bands of nitrogen (N 2 '*') is comparable with 
that of the red oxygen lines. The question, how nitrogen molecules which 
are nearly twice as heavy as the oxygen atoms reach such high levels against 
the forces of diffusive separation, is still ill-understood. 

Ozomosphere . — ^In the ozonosphere, the modes of production and destruc- 
tion of ozone and the ozone equilibrium resulting therefrom, specially, in 
the polar latitudes, require further clarification. Rocket experiments 
indicate that the intensity of the ultraviolet solar radiation in the region 
of ozone absorption is significantly below that assumed from fiOOO^K black 
body radiation (Chapter XIII). If this result is confirmed, the theoretical 
calculations on the ozone distribution that have been made (Chapter IV, 
Sec. 7) will have to be revised. 

Interesting associations between weather conditions in the troposphere 
and ozone content in the stratosphere have been obtained (Chapter IV, 
Sec. 7). But, the ozone observations are still confined to a few stations 
only. A world net-work of ozone observatories, making regular records 
with the Dobson type of apparatus is extremely desirable. Such studies, 
if made in conjunction with abnormal sound propagation study and syste- 
matic meteor study, will enable one to form a world picture of ozone tempera- 
ture distribution in the middle atmosphere and its diurnal and seasonal 
variations if any. 

TemperaJlure diatrihution . — ^The available data of the probable height 
distribution of temperature in the lower and the middle atmospheres and 
in the ionospheric regions have been collected in the preceding section. 
But our knowledge regarding tfie last two is still far from complete. It is 
hoped that future rocket explorations will yield more accurate data for the 
middle atmospheric regions, particularly for the 70-90 km. region where, 
due to the absence of any absorbing gas, there is a temperature drop. 
For the ionospheric regions a fruitful way of increasing the knowledge will 
be accurate measurement of the collisional frequency of electrons. Reliable 
knowledge of the temperature profile over stations widely distributed in 
latitude is very necessary to give information about the trend of diurnal 
variation of temperature as also latitudinal temperature field. A knowledge 
of the latter is essential for the study of world-wide wind circulations 
in the upper atmospheric regions. 

Tides in the upper cdmoaphere . — ^Thanks to the works of Taylor and 
Pekeris (Chapter II, Sec. 4) the long-standing problem of semi-diurnal 
barometric oscillations, and, along with it, the difficulty of the dynamo 
theory of quiet day (solar) magnetic variations appear to have been solved 
[Chapter VII, Sec. 3(c)]. It is also satisfactoiy that mathematical treat- 
ment of solar thermal excitation of oscillations [9c], following the same 
lines as that g^ven by Pekeris for the gravitational oscillations (for rotating 
earth and arbitrary temperature variation with height) has shown that 
thermal and gravitational contributions are of the same order as concluded 
earlier by Chapman. More detailed discussion of the application of this 
interesting work is desirable. 
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The lunar semi-diurnal barometric oscillations and the correspondmg 
magnetic variations have still their puzzles. Regarding the former there ig 
the asymmetrical distribution of the phase in time with respect to the 
season and also about the equator. Little is known about the origin of 
these asymmetries, though attempt has been made to explain them ‘by 
the difference in resistance to tidal flow of air by surface features of the 
two hemispheres, the principal effective factors being the distribution of 
mountain ranges and the relative proportion of land -and water’ [10]. 

Ionosphere . — Exploration of the ionized regions of the upper atmosphere 
by the powerful ‘ pulse ’ technique has greatly advanced our knowledge of the 
ionosphere. It is highly satisfactory that many of the ionospheric stations 
established during the war are continuing their observations and that some 
new stations have also been established. By a synoptic study of the records 
of these observatories one can now form a world-picture of the distribution 
of ionization and its diurnal, seasonal and solar cycle variations and can 
even make predictions regarding its future behaviour. But still the iono- 
sphere is full of mystery. One may, for instance, mention the comparatively 
frequent occurrences of localized regions of high ionization at low levels 
(sporadic D) in the tropical and subtropical latitudes. These ionizations 
are reported to have maximum intensity round Ceylon (known as Ceylon^ 
effect). Very little is known about the origin of these ionizations. Again, 
the wavelength of the solar radiation causing radio fade-out, as also tho 
atmospheric constituent ionized, are not known with certainty. The same 
remark applies to the height of the region ionized in which the enhanced 
^f-type of current system flows during the fade-out (Chapter VII, Sec. 7). 

Very plausible hypotheses have been put forward regarding the produc- 
tion of the different ionospheric regions [Chapter VI, Sec. 10(d)]. But, it 
is safe to say that the last words on the subject have not yet been spoken. 
For example, there are two views regarding the cause of the bifurcation 
of the JPi-region to Fi and F 2 [Chapter VI, Sec. 10(d, ii)]. One is that 
it is an effect of the rapid decrease of the recombination coefficient with 
height and the other is that it is due to tidal effects. It is probable that 
both the causes are operative. But, to what degree each of these contri- 
butes to the phenomenon is still a matter of investigation. 

The ^-region, usually believed to be of the simple Chapman type, is 
now known to possess a fine structure. (Chapter VI, Sec. 4d. See also 
Ref. 10a.) Little is known of the origin of such structure. 

The sporadic ^-echoes are now believed to be caused by intrusion of 
localized regions or ‘clouds’ of high ionization density into the body of the 
£-layer [Chapter VI, Sec. 13(6)]. But, the mechanism of the reflection is 
not well understood. Whether it is a case of reflection, or is a 
scattering effect of the irregularly distributed ionospheric clouds is still 
debatable. The origin of these ‘clouds’ of ionization is also not known with 
certainty. Part, at least, of the £«-ionization is to be ascribed to meteor- 
ionization. But, there jb clear evidence that meteor-ionization does not 
produce all of them. ‘Run-away’ electrons from thunderclouds in the 
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subtropical regions and solar corpuscles as produce auroras and magnetic 
disturbances in the high latitude have also been suggested as producing 
extra ionization near the ^-region. It is possible that all the three agencies 
contribute to the £5 -phenomena in different degrees in the different 
geographic latitudes. 

In regard to the radar-echoes as obtained from meteor trails an out- 
standing problem is the long duration of the echoes [Chapter IIIB, Sec. 5(d)]» 
What is the mechanism by which sufficient electron concentration ia 
maintained in the trail, for periods more than a minute, against the forces 
of diffusion? An analogous problem is the high value of night-time 
ionization. How is this high value maintained when the ionizing solar 
rays are not acting ? 

Many of the known anomalous behaviours of the can be 

traced to the long free path tidal motions, of the ions and electrons under 
the influence of the geomagnetic field. It appears, however, that motions 
due to wind circulations, as developed by temperature gradients, also 
contribute to some, at least, of the anomalous behaviours, e.g. the so-called 
longitude effect [46]. Comparative study of the two causes — winds and 
tides — contributing to the ionospheric anomalies is very desirable. 

It is satisfactory that the intensity of the terrestrial magnetic field in 
the ionospheric regions as measured from the splitting of radio-echoes 
agrees with that calculated from the inverse cube law [Chapter VI, Sec. 4(c)]. 
However, unexpected seasonal variations in the intensity of the apparent 
magnetic field thus calculated have been reported from more than one 
ionospheric station. The phenomenon is certainly intriguing and demands 
fuller study. 

Effects of tidal-cum-heating motions in the high regions of the upper 
atmosphere in the presence of the terrestrial magnetic field appear to explain 
some of the anomalous behaviours of the jr2'region. A theory — the so-called 
electro-dynamic theory — has been developed to explain tidal actions [Chapter 
VI, Sec. 14(c)]. But, the theory is still in the formative stage and requires 
much further investigation, both theoretical and experimental for its full 
development. 

Some data regarding collisional frequencies in the different ionospheric 
regions have already been obtained. But they are still very meagre and 
not very accurate. More careful determination in the different latitudes 
is needed to give reliable information about temperature distributions 
in the upper atmospheric regions. 

The high value — several orders higher than the theoretically computed 
value— of the u’ecombination coefficient of ions and electrons in the iono- 
spheric regions is another problem which requires further investigation^ 
The hypothesis of effective-recombination coefficient appeared to have 
offered a satisfactory explanation of such high value [Chapter \T, Sec. 12(c)]^ 
Further, the identification of the nocturnal jP2’region with the night air- 
glow layer emitting the N2*bands and 0-lines helped to unify the effective 
recombination hypothesis with the emission processes of these lines and 
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bands. However, contemporary work questions the soundness of the 
effeotive-recombination hypothesis. In the theory of tides in the 
region referred to above, if account is taken of the electrod 3 mamic forces 
developed as a result of the tidal motions, then a term appears in the expres- 
sion of the recombination equation which becomes important in this region. 
The value of the recombination coefScient, as computed taking into account 
the contribution by this term, agrees with the observed value. It is desir- 
able that a closer comparative study of the effective recombination 
hypothesis and the electrodynamic hypothesis be made to estimate the 
relative importance of the two in bringing agreement between observed 
and theoretically computed values. 

Associations between ionospheric conditions, on the one hand, and 
barometric conditions at the ground, on the other, have been reported from 
time to time (Chapter VI, Sec. 16). If these associations be real, then they 
would be valuable guides to weather prediction. More observations on a 
world-wiAe scale on the reality of such associations are needed. 

The complicated latitude and longitude variations of Jr 2 -region ioniza- 
tion involving both geographical and geomagnetic equators raises the 
important question of defining an * ionospheric equator *. Only preliminary 
works in this line have been done. 

Our progress of knowledge on the ionosphere depends to a great extent 
on the availability of world- wide ionospheric data. Unfortunately, the 
ionospheric stations are not distributed uniformly over the two hemi- 
spheres; there are more stations in the northern than in the southern hemi- 
sphere. Consequent lack of data is a great handicap to the solving of many 
ionospheric problems. More stations in the southern latitudes are very 
necessary. It is possible that a sea expedition might secure useful iono- 
spheric dat^ from places which are scientifically important, but for which 
data are lacking. 

Terrestrial magnetic variations . — An intriguing problem in connection 
with the and the L current systems which produce the quiet day solar 
and lunar magnetic variations is the relative changes in their intensities 
with the season and with the solar cycle (Chapter VII, Sec. 4). 

Both 8q and L increase greatly in intensity in June in the northern 
hemisphere. But, the increase in the L-current system is larger than that 
for the -system. 

From the above one would expect that the solar cycle variation of L 
would be larger than that of 8q. But, the reverse is the case. While the 
variation of 8q is about 60% that of L seems only 20%. The reason for 
these curious anomalies is not known and requires investigation. It is 
probable that the 8q- and the //-current systems flow at different levels. 
One should also remember that the modes of solar and lunar tidal oscillations 
(which are the ultimate cause of 8q and L) might be different (Chapter II, 
See. 4).. 

Amongst other anomalies in the 8q^ and L-variations which are still 
largely unexplained, one may mention the quite large day to day changes 
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in the corresponding current systems (the positions of the current foci 
altering by as much as 15^) and the considerable variations in the value of 
H — ^nearly twice as large as at other places — observed at Huancayo situated 
on the magnetic equator [Chapter VII, Sec. 4(a)]. Sq augmentation at this 
station is also abnormally large during solar iBares. It is, however, remark- 
able that while 8q and L variations in U are abnormally large, the geomag- 
netic disturbance effects (i.e. Sd^ Du and Dm) are quite normal. To 
explain the large range of H variation it has been postulated that there is a 
concentrated upper atmospheric eastward electric current system — electrojet 
— over the magnetic equator (the intensity of which rises and falls) 
superposed on the normal Sq current system |.il]. (Investigationl^ have 
shown that the electrojet exists over Africa and India.) Attempt has 
been made to explain the electrojei as due to existence of a narrow region 
of very high conductivity, along the line of zero dip value, near the 
i^-region as a result of polarization by Hall current [11a]. But, clearly, 
the subject requires further study. 

Regarding the current systems producing the disturbance type of 
variations, the origin of neither the Schmidt’s wandering vortices, nor 
of the clockwise and anti-clockwise rotation of the total force vector 
during magnetic storms (as discovered by Songster) is well understood 
[Chapter V^II, See. 6(c)]. These phenomena may probably be connected 
with non-uniform conductivity of the current carrying regions, but they 
need further investigations. 

NigM air -glow , — A large amount of work has been done on the night 
air-glow (Chapter X, Sec. 4). But our knowledge about the phenomenon 
is still far from complete. A broad question has been raised: Whether all 
the energy of excitation of the glow is derived from the stored solar energy 
m the upper atmosphere (stored during day-time in course of ionizing and 
dissociating the upper atmospheric gases) or, at least, a part of it is due to 
impact of extra-terrestrial particles. 

A simple process of excitation of the 0-lines and the N 2 -bands has 
been proposed by more than one author. . But the efficiency of the 
process has been questioned. Further, some workers have begun to cast 
doubt on the identification of the \'egard-Kaplan bands and also of the 
first positive bands of — ^the lattet on account of the presence of 
OH-bands in the vicinity. 

It is satisfactory that the red radiation at 6580 A and the strong infra- 
red band at 10,400 A have been identified as OH-bands. But, the mode of 
excitation of the bands is not known udth certainty. One of the suggestions 
made is that they are emitted during, rather than after, the production of 
OH. 

The continuous spectrum in the background of the lines and bands of 
the night air-glow appears to have received inadequate attention. More 
inv^estigation about its intensity distribution and the origin is necessary. 

A problem of great interest and importance is the measurement of the 
heights of the emitting layers (Chapter X, Sec. 6). The measurement is 
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rendered di£9ioult by the non-uniform intensity distribution of the emitting 
layers. However, it is satisfactory that fast-reading photo-electric photc- 
meters have been devised by which it is possible to scan the whole sky in 
half of an hour’s time. Though it appears that the different layers have 
different heights, there is a main layer near the J’ 2 -region. It is highly 
desirable that the height measurements be carried out systematically in 
different parts of the world and relations, if any, of the luminescent layer 
with the i^£-layer be studied. 

Of the other lights of the night sky the mystery of the zodiacal light 
is still not completely solved [Chapter X, Sec. 2(c)]. It appears, however, 
that there has been some rapprochement between the two rival theories — 
the atmospheric theory and the planetary theory. While the main phoao- 
mena of zodiacal light are attributed to scattering of sunlight by interplanet- 
ary dust particles, a substantial portion of the light is due to fluorescent 
scattering of the terrestrial atmosphere which is assumed to be greatly 
extended in the direction opposite to the sun. However, these hypotheses 
are still in the formative stage; there are many gaps and unexplained details. 
Further observations, specially photometric measurements from different 
parts of the world all the year round, are necessary to help in building up a 
complete theory. 

Auroras and magnetic storms.— The problems of aurora and of magnetic 
storms are closely linked up. The view long held that the primary cause 
of these phenomena is incidence of fast charged particles emanated from 
the sun has now been confirmed by spectroscopic evidences [Chapter IX, 
Sec. 2(d)]. It is also satisfactory that the neutral solar corpuscular beam 
theory (proposed to meet the fundamental Schusterian difficulty) is making 
headway. The motions of the positive and negative particles become 
differentiated by the terrestrial magnetic field and, with plausible assump- 
tions, their incidence on the upper atmosphere may explain the auroral 
phenomena. However, much work, both theoretical and observational, 
remains to be done to give complete shape to the theory. 

Of the auroras we do not yet know how they assume the various forms — 
long streamers, arcs, draperies, etc. Nor is it known how auroral form of 
one type changes over to another type, e.g., a homogeneous arc gradually 
changing over to a drapery-shaped arc and then transforming into draperies 
and ray bundles. The distribution of intensity with height is also still 
imperfectly understood. Of the excitation of the auroral spectra the only 
process regarding which there is general agreement is that the first negative 
bands of are excited by direct bombardment of the N 2 molecules by the 
impinging corpuscles. Regarding the modes of excitation of the forbidden 
lines of O, of N and weak forbidden bands of N 2 there is diversity of 
opinion. The identification of strong permitted lines of O and N has added 
to the list of difficulties. 

Ijach of laboratory data . — ^As regards laboratory data, the lack of which 
is still standing in the way of the advancement of our knowledge of the upper 
atmosphere, one may mention the following: More complete data regarding 
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the eleotronio spectra and the absorption coefficients of N 2 , O 2 and 0 in the 
extreme ultraviolet region are very necessary, because, the ionizations in the 
upper atmoqphere are controlled by the absorptions by these gases in the 
extreme ultraviolet. 

The value of electron-ion recombination coefficient and its variation 
with temperature are parameters of immense importance in ionos- 
pheric studies. It is satisfactory that laboratory measurements of the 
recombination coefficients have already been undertaken and specially with 
the aid of the powerful microwave technique [Chapter VI, Sec. 12(d)]. It is 
hoped that the investigations will help to solve many of the puzzles of 
recombination phenomena in the ionospheric regions. 

Closer laboratory investigation of the 'rotational* temperature is very 
necessary to solve the puzzle of the measured 'rotational* temperature in 
the auroras (deduced firom band spectra) being consistently lower than the 
gas temperature deduced from other sources. There are many instances of 
laboratory experiments in which the rotational temperature is higher than 
the gas temperature, but, instances of the 'rotational* temperature being 
lower are rather rare [12, 13]. The laboratory studies would provide 
valuable information regarding conditions of excitation in the upper 
atmospheric regions. 

Theoretical study of the many quantal processes that occur in the upper 
atmospheric regions, e.g., collision, absorption, the many dissociative 
processes — ^photo-dissociation, dissociative recombination and others is 
extremely important. As an example of the importance of such study 
one may mention about the values of the collision frequencies of electrons 
with atmospheric particles as deduced from ionospheric observations 
[Chapter VI, Sec. 7(6)]. One is tempted to apply gas kinetic relations and 
deduce the molecular densities in the ionosphere regions from these values. 
This, however, is hardly justifiable, because, the cross-sections of atoms 
and molecule for low velocity electrons (a few tenths of electron volt corres- 
ponding to some lOOO^K) may be widely different from the gas kinetic 
cross-section. Attention may specially be drawn, in this connection, 
to the case of electron-atomic oxygen collisions, which are of great 
importance in the ionospheric regions. A number of theoretical studies 
have been made [14, 15], but the values of the cross-sections obtained are 
far from concordant. 

More theoretical and experimental data on the collision of high velocity 
neutral particles with solid surfaces will be very helpful in understanding 
the phenomenon of evaporation of meteors rushing through the atmosphere 
[Chapter 111 B, Sec. 4(c)]. 
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1. ILLUMINATION OF THE UPPER ATMOSPHERE 
BY SOLAR RAYS 

Upper atmospheric phenomena such as ionization and dissociation of 
the constituent gases are controlled by the incidence of rolar radiation. 
As such, it becomes necessary to know the hours at which the sun’s rays 
strike or disappear from different levels of the atmosphere during the 
pro- or post-sunrise periods at the surface of the earth. The methods of 
calculating these hours, as also the results obtained, for a few typical 
cases, are discussed in this section. 

Hmrs of sunrise and sunset at different atmospheric levels . — ^The shadow 
of the earth in space is of cylindrical shape. Thei height H at which the 
cylinder cuts the zenith is given by 

= .. .. .. (I) 

\ 008 tf / 

where a is the earth radius and $ is the angle of depression of the sun below 
the horizon. This is evident from Fig. 1. 

The hour angle h of the sun at its rising 
at height H may be obtained as follows. 
We have, 

oosZsssin^sinSH-eos^oosScosA (2) 
where 

Z as zenith distance of the sun, 

8 as its declination, 

^ as latitude of the place of observation. 
From Fig. 1, Z = 90“+®. 

In the above the effect of refraction which 
accelerates the time of rising has not been 
taken into account. Thus, allowing 34' for 
horizontal refraction and 16' for semi-dia- 
meter, the true zenith distance of the sun’s 
centre, when it rises at a height H dbove 
the ground, is given by 

Z = 90^+$+B0' .. .. (3) 

Moreover, at actual noon the apparent time 
is 12* and the mean time is 12*-|-«, where 
s is the equation of time. Hence the mean time t of sunrise at a height H 
is given by. 
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SOLAR RAYS 
Fio. 1. Tlie i^adow of the earth 
in space is cylindrical. If is 
the angle of depression of the 
sun below the horizon, the 
height H at which the cylinder 
cuts the zenith is given by 
a [(1/cos a)— 1]. 
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Similarly, the hour of sunset at JET is given by 

ts:12A+C+A. 

Knowing the values of 8 and s from Nautical Almanac the hours of sunrise 
and sunset at different atmospheric levels may be calculated with the help 

of Eqs. (1) and (2). In Figs. 2 
(a) and (6) curves delineating 
the variation of the hour of sun- 
rise with height for the whole 
year, at intervals of about a 
fortnight, are given, after Ohosh 
[1] for the latitude (22® 32' 48'' 
N.) of Calcutta. In Figs. 3 and 
4 the curves give the hours of 
sunrise at different latitudes on 
the surface of the earth and also 
at heights 50, 100, 260, 500 and 
1,000 km. above the surface of 
the earth on June 21 (summer 
solstice) and on March 21 (Vernal 
equinox) [2]. Fig. 5 gives the 
heights above which, in the lati- 
tudes 40® to 90®, the atmos- 
phere is illuminated by solar 
rays at midnight in course of the 
year [2]. It will be noticed that 
even at the middle latitude of 
56® the atmosphere above 100 
km. is illuminated at midnight 
during high summer. It is also 
noteworthy how the height at 
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Pio. 2, Curves delineating the variation of the 
hour of sunrise with height at intervals of about 
a fortnight for the latitude of Calcutta. 


which il hiininftt.ion commences, varies rapidly with the season of the year 
particularly in high latitudes. 

Hour at which solar rays strike a particular atmospheric level by grazing 
a surface concentric with the earth.— For certain purposes it is necessary to 
know the hour at which the rays of the sun strike a particular region of 
the atmosphwe at a height H by grazing a concentric surface d km. above 
that of the earth [Chapter VI, Sec. 12(e)]. It will be seen from Fig. 6 that 
when the rays of the sun strike at B after grazing a concentric surface d km. 
above that of the earth, it is sunrise at A. From similar triangles BNO 

and A MO ' 
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where BL = H, AL = at, MN <=d, OL = a = radiiu of the eartii. 



Thus firom a knowledge of 
H and d, x can be oalon* 
lated. It will be seen that 
for a giveii valne of d, the 
rdation between x and H is 
linear. The hour of anniiae 
at A and hence the hoar 
when the rays of the son 
atrike at £ after grazing the 
sorfiace under o<nisidecation, 
can be eaaily calculated. 
One point should be men* 
tioned in this connecticm. 
When the value of d is large 
so that the rays of the sun 
in order to strike at B pass 
through a porticm of the 
atmosphere of low density, 
the effect of horizontai re- 
fraction is negligible. In 
that case, the zenith dis- 
tance of the sun’s centre is 
givmi by 


Fio. 3. The curves give the hours of sunrise at Z = GO’-J-d-f-lB'. 

different latitudes on the surfhoe of the earth and 

also at heights 50, 100, 260, 600 and] 1,000 km. Amounts of solar energy 

above the surfara on June 21. Ordinate— lati. received per day at different 
tude in degrees. Abscissa — meridians indicated latitudes in various seasons. 
by local time. (After Bartels.) —It is interesting tO C<m- 

sider the amount of solar energy received in course of a day at different 



Fio. 4. Same m Fig. 3 for Mardh 31. (After Bartek,) 
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latitudoB in the various seasons of the year. The solar rays are strongest 
in the equatorial region on account of the fact that they are incident here 



Fig. 5. Heights above which in the latitudes 40* to 00* the atmosphere is illuminated 
by solar rays at midnight in course of the year. It is to be noticed that the height 
in question varies rapidly with season particularly in high latitudes. (After 
Bartels.) 

nearly normally. If, however, the total amount of solar energy received in 
course of a day is calculated for different latitudes it is found that the 

amount may be greater in high than 
in low latitudes in particular seasons 
of the year. This is because the 
decrease in intensity due to the obli- 
quity of the rays in the high latitude 
is more than compensated by the 
longer duration of the daylight hours. 
For instance, it may be shown that 
on a summer day the polar region 
receives more than 30% of the solar 
rays in an equatorial region. Fig. 7, 
after Gessler [3], shows how the total 
solar energy received by a horizontal 
sq. cm. surface in course of a day, 
varies with the latitude for the dates 
— February 4, March 21 , May 6, .June 
21, September 23 and December 22. 
The scale of the ordinate on the left is given in the so-called efptator^hcur 
which is the amount of energy received by a horizontal surface of one sq. 
cm. at the equator from normally incident solar rays in one hour. The 
scale of the ordinate on the right is obtained by multiplying the equator- 
hour by the solar constant (1*93 cal./cm.* min. l *35x 10^ erg./em.* sec.). 
U is to be noted that the amounts of energy shown are those recrived 



grazing a concentric surface d km. 
( s NJd) above the surface of the earth. 
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outside the atmosphere, i.e., the absorption by the atmosphere is not taken 
into account. 
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Fzg. 7. lUustiating how the total solar energy received in course of a day per sq. cm. 
surface, horizontally held, varies with latitude. For explanations of the ordinate 
scales see text. (After Qessler.) 


2. SPECTTROSGOPIG NOTES 

In course of our discussions on the action of solar ultraviolet rays on 
the upper atmosphere we had had many occasions to refer to the spec- 
troscopic states of the constituent gases. For convenience the relevant 
data of nitrogen and oxygen — ^the commonest constituents — ^will be sum- 
marized and classified in this section. Attempt will first be made, however, 
to explain in a general way the spectroscopic terminology. This will 
serve as ready reference to those not versed in spectroscopy. For fuller 
dftiaila the reader must consult specialized treatises, e.g. Atomic Spectra 
and Atomic Structure (Prentice-Hall, 1937) and MckeuUir Spectra and 
Molecular Structure (Prentice-Hall, 1939), by Q. Herzberg. 

(a) Atomic Spectra 

The fundamental discovery that an atom (or a molecule) cannot exist 
in state of any energy, but only in one of a set of discrete energy states 
was the starting point of the quantum theory. 

In many simple eases these energies (their relative values omitting an 
arbitrary constant) can be determined directly by electron bombardment 
experiment (e.g. Franck and Hertz’s experiments). More generally, they 
are deduced f^m spectroscopic data — ^the frequencies of the lines and 
bands emitted. Because, according to Bohr’s frequency condition when 
the atom executes a quantum jump from a state of higher energy £« to one of 
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lower energy it emits radiation of frequency given by the relation 
Eft — E^ ~ where h is the Planck constant. 

Besides the discrete energy states the atom has other sets of discrete 
states defined by the values of the angular momentum, the direction of the 
angular momentum vector in space and the spin axis of the deotron. All 
these different states contribute to the total energy of the atom. In 
what follows we will only formulate and explain the so-called quantum 
conditions by which these discrete sets of the states are selected and leave 
their derivations to specialized treatises. 

To understand the quantum conditions it is best to consider the simidest 
atomic structure, namely an electron moving in the field of a heavy, central 
positive point charge. The hydrc^en atom conforms to this ideally. For 
other cases, when a number of electrons are present, one can sdeot for 
consideration one of the outer electrons which takes part in the spectral 
processes and regard the action of the remaining dectrons, together with the 
nuclear positive charge as that due to a positive ‘core* giving rise to a 
centrally symmetrical field. The representation is, of course, approximate 
but simulates the ideal case the further the electron under consideration 
is removed from the ‘core*. 

(i) Energy (total quantum number). — ^The discrete set of energy states is 

given by E^ = /(n), irhere n = 1, 2, 3 For the case of hydrogen-like 

atoms it is given by; E^ — -^BZ^/n^ where B/hc is the Bydberg eonatani » 
2ir*fic*/cA*; Z — atomic number; Jf); m — electronic mass; 

M — ^nuclear mass, n is called the principal quantum number. 

For the more general case for which the ‘core* is not a point charge, 
the energy is given approximatdy by E^^i = — JSZ*/(n+a)* where a is the 
i2y(f66f^corr6cfton depending on I (see »n/ra). Z here is charge on the ‘core*of 
the atom. Note that the expression for the energy is negative. This is 
because it has an additive constant which has been put equal to zero. 
The spectroscopic term is proportional to E^ (term = -^Ejlic). Often, 
the words, term^ energy stale, quantum stale are used synonymously; And, 
term value signifies energy value. 

A series of terms of the form iZZ>/(n4-a)s is called a Bydberg series of 
terms. 

(ii) Angular momenlum or moment of momentum (azimuthal quantum- 
number). — ^For classical motion in a central fidd an important characteristic 
is that the angular momentum (the vector product of the orbital momentum 
vector and the radius vector) is a constant of motion. In quantum 
me chanic s the angular momentum / can take up the set of values given by 

^l(l+l)h/2w, where 2 = 0, 1,2 For large values of 2, the magnitude 

of / is approximately equal to lh/2n. For 2 = 1 , it is equal to^ 2A/2ir. 

(iii) Space quantization (magnetic quantum ' number). — If a direction 
in space be specified by a field F (magnetic or electric field however small — 
in the limiting case zero field) then the angular momentum vector processes 
round it (Fig. 1). According to quantum mechanics the precession takes 
place at angles with the field direction such that the component of the 
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round s Sold F, 
magnetic or eleotrio. 


nn gnlaj- momeiitiiin in this diteotion has one of the set of discrete values 

given by m|A/2ir where m$ = 0, dbl> db^i- • • • ±1< In other words, if 9 be 

the angle bet ween / and the specified direction, then 

' t cos — mj/VKl+l) 2). Note that the minimum 

value of fi is not zero, though it approaches the same 

^ for large values ^ 1; the minimum value of 9 for 

"*“1 I = 1 is oos”il/‘^2r For 1 = 0, cos 6 becomes inde* 

‘ V p terminate, ie., ^e distributicni-in-tf of tiie angular 

N momentum vector is symmetrical. In Fig. 2 space 

quantization for the case 1 = 3 is illustrated. 

Fie. 1. The angular (iv) Spin vector (spin quantum number). — ^Investi* 

momentum vector I of gations on the multiplicity of spectral lines, as also 

an ^bctron pteoeasM anomalous Zeeman Ffiect have led to the 

round a field jP, 

magnetic or electric. conoloBion that the electron behaves as if it possesses 
an angular momentum of its own, i.e., as if it spins 
on its own axis. Dirac’s theory of electron based on quantum mechanics 
also leads to th e same conclusion. The magnitude of the spin momentum 
f isgivenby \/d(s-f-l)A/2Trwheresis|. In a magnetic ^ 
field the spin vector can only so orient itsdf that its < 
component along the field has the value mjil2n »; 
where m, can only be or — J. Approximatdy, +J 
it may be said, that the spin vector sets itself parallel / 

or anti-parallel to the field. 

From the above it is seen that an electron in an -f / 
atom is characterized by four quantum numbers: — \ 

(1) n — Principal quantum number; this deter- ^ ^ 1 

mines the energy of the electron; w = 1 , 2, 3,. . . . 

(2) I — ^Azimuthal quantum number; this gives \ / 

the orbital angular momentum; if the principal V— 

quantum number is equal to n, then 1 = 0, 1, 

2, .. ., w— 1. 

(3) mj — ^Magnetic or latitudinal quantum num- 

ber; this gives the orientation of / with respect to a Fzo. 2. Space quanti- 
specified direction in space; W| = 0, ±1, ±2 . . . ±/. zation of angular 

(4) mg — Spin quantum number giving the spin nwmentum vector 

vector of the electron; = 

Electrons with / = 0, 1, 2, 3, ... are designated of the vectors are 
Pi f electrons respectively. (This s is not to be proportional to 

confused with the spin quantum number s.) JW+W* As such I 

PauWs Principle, of Exclusion — Atom building, — cannot coincide with 

According to this principle no two el&Urons in an atom though, for large 
can have the same set of the four quantum numbers n, I, sa^ 

mi, mg. The principle gives a clear picture of the atom 
building process starting with the sunplest one-electron atom, hydrogen, 
and, at the same time, explains the periodic classification of the elements. 
The latter is depicted in Fig. 3 after Mitra [1]. The lines connecting 


zation of angular 
momentum vector 
(1 » 3) in a field F. 
Note that the lengths 
of the vectors are 
proportional to 
1(1+1)* As such I 
cannot coincide with 
F, though, for large 
values of I it appro- 
aches the same. 
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the elemente indioate the aeqneiioe of the building up prooeaB. It is to be 
noted tiiat tide fdlows the aeqnenoe of the iaeteaBing atomio nmnben and 



not necessarily that of the increasing atomic weights. The figure together 
with Table I Mow showing the building up process o^the first few elements, 
vrill hdp to make the pcinciide clear. 
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It is evident that the number of dectrons in the group characterized 
by n = 1 or the Jf-shell as it is called, can be only 2. Similarly, the numbed 

in the //-shell (n = 2) can 
” be only 8. Also, the num- 

s — ber in the ‘ cdl’ character- 

I + 1 . ized by n = 2 emd 1 = 1 can 

I s — only be 6. It can easOy be 

g ” « vwified that for a shell with 

— 5 principal quantum numbw 

I « n, the number of electrons 

J ® is 2n* and for a * cell ’ with 

I, ^ M I azimuthal quantum number 

a Z h the number of dectrons 

I + 7 is 41-1.2. 

I T As an examide we give 

"S* "• *> ® ^ dectronic structure of 

H T the nitrogen atom. The 

I 6 * + position of nitrogen in the 

^ * 0 * 0 * periodic table is the seventh 

* ______ + (Fig. 3). Its electronic struc- 

I I ture can therefore be repre- 

g + sented as — (l«)S(2«)S(2p)S. 

~ a, o ' l^s means that in the cdl 

<M + chwactorized by » = 1 and 

" ^ 1 = 0, there are two elec- 

± — trons; in the cell n = 2 and 

I o •» o J, 1 = 0 there are two elec- 

I ■ — ' — i — trons; in the cell n = 2 and 

i = l. there are only three 
^ + electrons, though tl^ last 

one can hold maximum 

**• •e’ 

* S S of six equivalent electrons 

(having the same n and the 
same 1). This cell is therefore incompletely filled in the nitrogen atom. 
Similarly, the oxygen atom whose place in the periodic, table is the eighth 
has the electronic structure — (l5)*(2«)*(2p)f 

Addition of angular momentum vectors, — When more than one electron 
in an atom take part in the light emission process, then the angular momenta 
of all of them have to be taken into account. All the electrons in the 
outermost cell — complete or incomplete — ^take part in the excitation 
and emission processes from an atom. Due partly to electric repulsion 
and partly to the magnetic moments resulting from their angular momenta 
there is strong interaction between the individual electrons. In such oases 
the individual angular momenta are added up according to quantum 
addition rules and the resultant vector takes up quantized positions with 
respect to a specified direction in space. The rule can best be illustrated 
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by an example. Take two angular momenta vectors with I values 1 and 2 
i.e., the magnitudes of / are ^2hl29 and ^6hl2n respectively. Then the 
two 1% as shown in Fig. 4, are so compounded 
that the value s of th e resultan t vecto rs (L) are 
gi ven by y/2(Z+\)hl2n, V2(2+l)*/2w and 

\/l(l+l)A/2ir. (Note that the lengths of the vec- 
tors, bo th orig inals and the resultants are of the 
form \/l(I+l)/l/2ir but for simplicity they have 
been drawn in Fig. 4 proportional to I or L,) 

Thus the resultont L of angular momentum vectors 
/j and /( when compounded can have the following 
values 



^ (*i+*i)i (*i+^s— l)f 2) I ii— Ig I . 


Fio. 4. Illustrating the 
rule of addition of and 
If to give resultant 
orbital angular momen- 
tum L. Zj B 2, ^ a- 1. 
L » 1, 2, 3. 


The individual angular momenta (l|) which are 
compounded to give an L, process round the latter 
as illustrated in Fig. 6. 

Terms arising out of states for which the L values are 0, 1, 2, 3, . . . 
are called S, P, Z>, P-terms respectively. 

Total angular momentum J: MuUiplicUy of 
tertna . — Just as the angular momenta (I’s) of the 
individual electrons combine to give a resultant 
so the spin momenta of the individual electrons 
combine to give a resultant spin S, (This S is not 
to be confused with the term symbol S corresponding 
to L = 0.) Now since the spin quantum number a 
can only have values ±1 It follows that the resultant 
S is zero, integral or half-integral. Apcording to 
Fxo.5. The two angular quantum mechanics the resultant S and the resultant 
momenta/} wd/g pro- £ cannot be oriented witfi respect to each other in 
any manner but can take up only a set of discrete 
positions. The resu ltant vector /, total angular 
momentum, has only the values ^J{J+l)h/ 2 w 9 where J is given by 



cess about the result- 
ant L. 


J«(i+S),(L+S-1) |X-S|. 


This is illustrated in Fig. 6 for = 1 and S — 1. 

If thwe is an external magnetic field not too strong then each / can 
take up quantized positions inclined to the direction of the field and pre* 
cesses round it — ^the so-called Larmor precession. 

Now, the energy due to the angular momentum is much larger than 
that due to the spin. The different energy vakies due to /, arising out of 
an S combining in different ways with the same L, thus lie close to each 
other. This gives rise to what is called muUiplet terms. From the rule 
for forming the resultant /’s, it easily follows tiuit the number of / values' 
ooReqxmdiiig to a given L is equal to (2tS+l) wbm L is greater than 
(or equal to) 8. (28+1) is called the mult^Udtp of the term. For the 
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case in Pig. 6 (L = 1, = 1) the P tenn is a triplet and its symbol is 

Si If o« The multiplicity (2Sf-f 1 = 3) is mdioated by the upper left index. 

The possible J values are in^oated by the 
lower right indices. It is to be noted that 
if 8 >L, the number of the possible J 
values, that 'is, the number of the split com- 
ponents is given by 2L-|-1. However, the 
multiplicity is still indicated by {28+1), 
This is because the behaviour of a term 
depends rathor on the magnitude of its 
additional momentum due to the spin vector 
8, than on the number of components into 
which it may be split. The 8 term (L = 0) 
is always single but it may have a higher 
multiplicity. 

8dection rules: Forbidden transitions. 
Transitions, spontaneous or by absorption of 
The original L, by different com- radiation, do not occur between any two 
binationa with S, gives rise to energy states of the atom. They are go vemed 
the triplet P term. so-called selection rules. These are : — 

(1) 8 (spin) can change by 0 or ±1. The former holds good for 

a special type of coupling between the angular momentum 
vectors and the spin momentum vectors known as Bussell- 
Saunders coupling. 

(2) L can change by 0 or ±l . 

(3) J changes by 0 or ±l ; a change of 0 to 0 is excluded. 

(4) If the terms cure classified as odd or even according as the arith- 

metical sum of {-values of all the electrons is odd or even, 
th^, transition may occur only between odd and even terms, 
not between two odd or two even terms. 


p»/ 




Fzo. 6. Vector addition of L and 
S for the case L ^ 1, 8^1, 
The resultant J « 2, 1 and 0. 
L and S together preoess about 
the resultant / (compare Fig. 6). 


Notwithstanding the above restrictions transitions do occur, under 
special circumstances, which are forbidden by the selection rules. Since 
the lines due to permitted transitions are not all of equal intensity, it 
is evident that even the permitted transitions have not all the same 
probability of ooourring. The forbidden lines may thus be regarded as due 
to transitions, the probabilities of which are not zero but are very small 
compared to those of permitted transitions. Forbidden transitions are 
closely related to the occurrence of the metastable states (vide infra) and for- 
bidden lines are observable only under special conditions [Chapter X, Sec. 4]. 


(b) Molecular spectra 

Energy states — Band systems,— The different energy states of an atom 
arise out of its electronic states, e.g., the distances of the electrons from the 
core, their angular momenta and spin. In a molecule, besides the electronic 
states, the vibrations of the nuclei about their equilibrium position and 
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their rotations also contribute to the energy of the state. The total energy 
of the molecule may therefore be written as 

the symbols being self-explanatory. 

Since the number of energy states is thus greatly increased, the 
numbers of possible transitions between the different states are also enor- 
mously increased. Molecular spectra are thus more complicated than 









t 


0 


Fio. 7. IlluBtrating the electronic, 
vibrational and rotational levels of 
a diatomic molecule. A and B 
(broken lines) are the two undis- 
turbed electronic levels. Wlien 
the nuclei vibrate they give rise to 
vibrational levels (v\ =- 0, 1, 2, 

3, etc.). The two nuclei may also 
rotate round an axis perpendicular 
to the line joining the two. Each 
electronic vibrational energy level 
is thus accompanied by rotational 
energy levels J\ ■= 0, 1, 2, 3, 
etc.). In the diagram alternate 
rotational levels are omitted. 
An electronic transition may thus 
be accompanied by vibrational and 
rotational transitions. 


A 


the atomic spectra. In what^follows we shall only consider the simplest 
type of molecular spectra — ^the so-called band-spectra of diatomic * mole- 
cules. In Fig. 7 attempt is made to illustrate the vibrational and the rota- 
tional energy levels associated with two- electronic states .1 and li (broken 
lines). The vibrational levels (long full lines) are designated /•' and r" 
and marked 0, 1, 2, etc. The rotational states (short thin lines) are 
designated J\ the alternate lines being omitted. 

To understand the nature of the transitions betwe^on the various 
states we first recall that the electronit* energy of a given fr<)ni<* state 
depends on the intemuclear distance. But, as the elet trons, on a* couTit of 
their smaller mass, move much more rapidly than the nuclei, they lake up, 
at any instant, during the nuclear vibrations, positions appropriate to the 
intemuclear distance. 

Let us now consider transitions between twospecilied vibrational levels, 
for example, v' = 2 and r" -= 1, belonging respectively to two electronic 
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states B and as in Fig. 7. Each vibrational level is associated with 
rotational levels. Hence, there will be rotation- vibration transitions and 
the transitions wdll consist of many lines, closely packed, on account 
of the closeness of the rotational levels. In spectroscopes of low or medium 
dispersive power these lines, being unresolved, merge into one another and 
appear as a band of continuous spectruni. (In the case under illustration 
this will be called a 1-2 band.) The rotation- vibration transitions from 
electronic state B to electronic state A will thus consist of a system, of bands. 
The series of bands due to transitions between a given upper vibrational 
level (e ) to lower levds v* = 0, 1, 2, etc. is called v'^^pTogtsssiou. Similarly, 
the series of bands due to transitions between a given lower vibrational 
level (v^) and the upper levels v* = 0, 1, 2, etc. is called i)' -progression. It 
will be seen jfrom the diagram that the differences between the pairs of 
levels for which Av (=!;'— «•) is constant, are nearly the same. Hence, the 
bands due to such transitions will lie relatively close to each other. Such 

bands are called a sequence of 
y hands. Thus the bands 0-2, 1-3, 
0 2 _ 4 ^ form a sequence for which 



Flo. 8. Rotational eneigy levels of two 
electronic states illustrating transitions 
corresponding to the P, R and Q 
branches of a band. Note that all the 
three branches, P, R and Q of a band 
are developed only if for, at least, one 
of the states A is not zero. (If for 
both the electronic levels il s 0, then 
the transitions = 0 are excluded, 
he., there is no Q branch.) 


Av = —2. 

With higher resolving power 
the band structure is revealed as 
closely spaced lines. As the transi- 
tions between the rotational levels 
are controlled by certain selection 
rules, the band structure is com- 
paratively simple and not as com- 
plex as one might expect. The 
selection rules for the general case, 
when, for at least one of the two 
electronic states, the component of 
the electronic angular momentum 
along the line joining the tw’o nuclei 
is not zero (i.e. il?6 0, vide infra), 
is given by A./ = 0 or ± 1 . For 
the case w-hen for both the elec- 
tronic states A == 0 (which is very 
common for the bands in the infra- 
red region) the selection rule is 
A«/ = il, i.e. = 0 is ex- 
cluded. The series of lines for 
which aJ = -1 is called the P 
branch of the band, the series for 
which AJ = +1 is eaUed the B 


r A u ^ 1 . branch and the series for which 

AJ = 0 the Q branch. In Fig. 8, the transitions corresponding to the P, B 
and Q branches are shown diagrammatkally. It is to be noted that the 
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lines in the P and R branches form a single simple series of lines and can 
be represented by a sing^ formula. 

Term symbols. — ^Electroni^ in a diatomic molecule, unUke electrons in 
an atom, move in a cylindrically symmetrical, rather thaki in a spherically 
symmetrical field (the axis of symmetry lies along the line joining the 
nuclei). The compounded angular momentum vector L thus processes 



Fio. 9. In a diatomic molecule the two atomic nuclei provide 
a cylindrically symmetrical field with the qymmetiy axis 
along the line joining the nuclei. The orbital angular 
momentum L precesses about this line. The component of 
L along this line is A, 


round this axis (Fig. 9). According to space quantization rule already 
discussed, the components of L along this axis are given by Mijkl2n where 

^ Mt, takes up values, 

JfL = L,L-l,Zi^2, ... -L. 

However, since in this case the energy is 
independent of signs, molecules with 
different \Ml\ only will have different 
energies. Further, on account of the 
strong interaction between the A’s and the 
intemuclear axis, states with different 
\Mi,\ have greatly different energies. 
The electronic states of molecules are 
therefore appropriately classified according 
to their | Ml [ values. According to inter- 
national nomenclature the symbol A is 
used for Ml- A can take up values, 

= 0, 1, 2, 3, ... L, 

and the corresponding states are desig- 
nated as 

In Fig. 10 a simple illustration is 
given of how the yarious molecular states 
may arise out of the combination of two 
"separated’ atoms. In the illustration, 
both the atoms are taken to be in the 
P-state, i.e. Li = = 1. The components Mli and Ml^ of Li and 

along the intemitelear axis can thus have only the values —1, 0 and +1, 
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Fxo. 10. Illustrating how the 
various molecular states may arise 
out of the combination of two 
‘separated* atoms. In the illus- 
trations both the atoms are in the 
P state, i.e., 1. The 

components of Li and along 
the intemuclear axis (dashed line) 
can thus have only the values — 1, 
0 and 1. The resultant ^-values 
are 0, 1 and 2 and give rise to 
n and ^ states. 
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Andy the resultant L has values, 0, 1 and 2 giving rise to /7 and J states 
respectively. 

Spin . — ^As in the case of atoms the spins combine to give a total spin 
momentum S with the quantum number 8 integral or half int^al. The 
orbital motion of the electrons produces a magnetic fidd along the axis 
and S precesses round it. As before, the components of S along this axis 
are given by However, Mg for the molecule is designated 27 

(not to be confused with 27 when il = 0) and we have for the values of J?, 

27 ^ 8f /S— 1, 2 • • • a 

Note that for the state with il = 0, Mg cannot be defined, because there is 
no magnetic field.^ 

Total angular momentum — muUipleta . — ^As in the case of atoms the 
total angular momentum of the electron (designated fl) is obtained by 
vector addition of A and 27. However, since both A and 27 lie along the 
same line — ^the internuclear axis — simple algebraic addition is sufficient. 
We have 

0 = |A+27|. 

Thus Q has 25+1 different values for a given value of A when A>S and 
not equal to zero. Corresponding to these slightly differing values of Q 



Fig. 11. (a) Vector addition of A and the spin momentum 5. (6) The three modified 
values of A due to different combinations with S give rise to three energy levels 
* in place of the original one. 

the particular A level splits up as it were into 25+1 components (Fig. 11). 
As in the case of atoms the multiplicity is indicated by the corresponding 
number as upper left index to the term-symbol (e.g., >27, >i7, etc.). 
It may be noted that with one or two exceptions, only singlet (5 = 0), 
doublet (5 ~ fi = il±|) and triplet (5 = 1 ; 13 = il, il± 1) levels have 
been observed for diatomic molecules. 

Complete term symbol . — ^The symmetry properties of the eleotronio 
eigenfunotiohs have also to be taken into account in the classification of 
the molecular electronic state. An electronic state is classified as + or as 
— according as the complete eigenfunction remains unchanged or changes 
in sign by refiection at the origin. This classification is indicated by super- 
scripts (+) or (— ) on the right of the term symbol. 

An additional sjrmmetry is possessed by homonuclear molecules, e.g., 
Hs, O 2 , N 2 , due to identical nudear chaiges. The state is classified as even 
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igelviie) or odd (ungerade) aooording as the eleotronio eigNifiinotioii lemains 
wnobanged or onfy ohanges in sign by reflection at the centre of symmelxy 
(that is, by changing the co<4»dinates of all the electroqs, Xf, y^, to —Xi, 
—yt, —Zf,). This classification is indicated by the snbsoripts g and u on 
the right of the term symbol. Thus, for example, we have a *2^ state, ^ A J 
state, etc. (NoU : For states other than the S states, that is, for states for 
which 0, the (+) and the (— ) terms have exactly the same value. 
Hence, it is usually unnecessary to make the (+, — ) distinction. 

For brevity the successive states of increasing energy values are often 
indicated arbitrarily by the letters, A,B,C . . .ota,b,e . . . , the ground 
state being indicated by the letter X. For ionized molecules the symbols 
are dariied, X', A\ 13'. . . , o', 6' . . . etc. Thus the metastable state of the 
Nf molecules at 6*1 eV (see Fig. 17) may be described as A*Z* -state, *2!^‘ 
state or simply as the .d-state. 

IntmaUy distribvium 'in hand spectra — the Franck-Condon Principle . — 
The intensities of the lines corresponding to the various sequences differ 
greatly from one another. The origin of these differences may be understood 
i^m the Franok-Gondon Fri'nciple. 



Fio. 12. Potential energy curve of a diatomic 
molecule. J?# is the electronic energy level. 
r« is the mean distance between the nuclei. 
2>t is the energy above Eg for which the 
amplitude of vibration becomes iniinito. Ob- 
viously, is the dissociation energy 

«= JSrg-f 


Consider first the potentiaJJenergy curve (U) due to nuclear separation 
and the vibrational states («) of a diatomic molecule for a given electronic 
state F.. In Fig. 12, r. is the intemuclear distance if there is no vibration. 
As the amplitude of the vibration increases the potential energy at the 
tumhig points increases, and for energy -D. above the energy level Eg, the 
am|ditnde becomes infinite. Obvioudy — ^the dissociation enwgy ^is 

equal to E,+D,. ^ 

Now consider in Fig. 13 the two potential energy curves V and V for 
the two energy states EJ and F.'. Take a e'-level (PP') belonging to the V 
curve and drop a perpendicular from P to intersect the 17* curve at Q say. 
fri t.hi* latter curve there is a »*-level {NN‘) which intersects it at a point 
nearest to Q. Similarly, if we drop a perpendicular from P' to meet the 
U' curve at O' we can find a f;*-level (MM") which cute the V curve at a 
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point neaxest to According to the Franck-Condon Principle tranaitione 
from the PP^Aevd will he unore probable to these v^Aevds (NN" and MM") 



Fxo. 13. Illustrating the Franok-Oondon Principle. 
In the figure, perpendiculars dropped firom the 
vibrational level of the upper curve XJ* cut the 
lower curve V" at QQ\ These points lie close to 
vibrational levels Jf Jf ' and NN**. According to the 
Franck-Gondon Principle transitions firom vibrational 
level PP* to MM^ and NN^ are more probable than 
to other levels. 


than transitions to any other levels lying farther from Q or Q\ There are 
two reasons why these transitions are more probable than others: (a) An 
electronic transition takes place so rapidly that within this short interval 
the internuclear distance and the kinetic energy due to vibration do not 
change; (6) a particulisu' electronic transition has a greater chance of occur- 
ring when the vibrating nuclei are in their extreme (maximum or minimum 
separations) positions because in course of vibration, the nuclei spend much 
more time at these two positions than at any other position. (It should be 
noted that the latter part of the second statement is strictly true when the 
levels are much above the zero level.) It is easily seen that the principle 
stated above, satisfies both these conditions. 

(e) Metastable state 

The time during which an atom or a molecule remains in an excited 
state is generally very small, of the order of 10'^— 10’’^ sec. There are, 
however, certain excited states in which an atom or a molecule may remain 
for a much longer period — of the order of 10** sec. or more. Such 
excited states are known as metastable states. The metastable state 
arises Irom the fact that the spontaneous transition of the excited atom 
or molecule to a state of lower energy is ' forbidden* by selection rules. It 
is to be noted that by ‘ forbidden* it is not meant that the probability of 
such transition is zero but that it is very small. Two types of metastable 
states may be distinguished. 

The electronic configuration of an atom or a molecule might change 
due to excitation, e.g., one of its outermost electrons might be lifted to 
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occupy an otherwise vacant orbit of higher energy. If transition from the 
excited orbit to an orbit of lower energy (generally the fundamental state) 
is forbidden by selection rules then the excited state is a metastable one. 

Atoms having the outermost shdl incomplete, may exist in different 
states for the same electronic configuration. For instance, oxygen atom has 
the electronic configuration (l^^) (2^*) (2jp^). The outermost 2p-shell holds 
four equivalent electrons (having the same n and the same I) though, 
according to Pauli’s principle, it can hold six such electrons each with a 
different set of quantum numbers (see p. 604). These four electrons can 
be differently distributed amongst the six possible electronic levels and 
give rise to different energy states for the same electronic configuration 
(ls)> (2^)^ (2p)^ of the atom. Of these states, the one having the highest 
multiplicity is of the lowest energy and is the normal state. In the 
present example, the normal state is a one. There are also two possible 
states with higher energy, namely, ^8 and ^/>. Since transitions from these 
states to the normal state are forbidden, they are called metastable states 
of the oxygen atom. (See Fig. 17, Chapter X.) 

It is thus seen that an atom in the metastable state is loaded with extra 
energy. Atoms with such extra energy and also with fairly long life can 
react easily with molecules or atoms of other type with which they 
come into contact. Transference of energy takes place and the colliding 
atoms or molecules may be ionized or excited. 

{d) Radiationless- decomposition — Predecomposition (Predissociation 
and Preionization) 

The phenomenon of radiationless decomposition or predecomposition 
arises out of the overlapping of discrete energy levels belonging to one 
series with energy continuum belonging to another series as illustrated in 

Fig. 14. XlluBtrating the phenomenon of 
radiationless decomposition or predecom- 
positiOD arising out of the overlapping of 
discrete energy levels belonging to one series 
(B), with the energy continuum belonging 
to another series (A). Under such con- 
dition there are radiationless transitions 
from the discrete to the continuous states 
as indicated by horizontal arrows. The 
energy levels might be electronic, vi- 
brational or rotational. For the first, the 
continuum represents ionization; for the 
second, it represents dissociation by vibra- 
tion, and, for the third, dissociation by 
rotation. 

Kg. 14. It will be noticed that in the series of levels in the higher energy 
state By the level 5 ^and those above are overlapped by the continuum of 
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the lower energy state A. (The levels might be eleotrcmic or vibrathmsl. 
For the former the continuum represents ionizaticm; for the latter it 
represents clis8ooiati<m.) According to quantum mechanical ideas if two 
different energy levels (belonging to two different series) have, by chance, 
approzimatriy the same energy, they influence or perturb each other 
strongly. As a result of this perturbation, each of the two states assumes 
the properties of the other, that is, each is, as it were, made up of a 
mixture of the two states. (Another result of the perturbation is that 
the levels ‘ repel’ each other; the higher level is pushed slightly upward and 
lower level f^htly downward. But with this we are not immediately 
concerned here.) It is, therefore, clear frcnn the flgure that since in the con- 
tinuum of A there are energy levels exactly equal to some of tiie levels of £ 
(level 6 and above), there will be perturbation effect and the qrstem, if 
it is in any of these discrete energy levels, will have a ohanoe of going 
over to the continuum of A. There will thus be probabiliiy of decom- 
position (ionization or dissociation) by a radiationless process called 
predecompoaition {preionization or prediaeodation). 

It is to be noted that for the case of predissociation by vibration it 
is not just enough that the discrete vibrational levels of one riectronic 
state are overlapped by the vibrational continuum of another. The two 
potential energy curves must cross each other at an appropriate point. It is 
further to be noted that the discrete levels in A may also be rotational levels 
(predissociation by rotation). 

This predecomposition phenomenon is to be carefully distinguished 
from ordiniuy decomposition process in which (say, by absorption of light) 
there is direct transition to the continuous state. In predecomposition, on 
the other hand, there is flrst transition to a discrete energy state in which 
the system rests for a finite time after which it may either drop to a lower 
lying state by^Bmission of light or may go over to the continuum of anothw 
state by which it is overlapped. 

(e) Atomic nitrogen 

The nitrogen atom has the electronic configuration (!«)* (2«)* (2|>)S. 
The three 2p-eleotrons which form the incomplete <ve equivalent 

electrons, that is they have the same n and the same 1 ( = 1). From the 
electKm configuration given in Table I (row giving the m/ values) it is easily 
seen that the possible values of the resultant angular momentum of three <ff 
the electrons (out of the 6) ate those corresponding to 1/ = 0, 1 and 2, that is, 
the terms which the three electrons give rise to, are 8, P and D reqpectivdy. 
Further, since the resultant qpin (8) of the tiitee can be either 3/2 or 1/2, 
the terms are either quartet or doublet (because multifdicity = 28+1). 
Closer scrutiny shows that the 8 term is quartet and the P and D terms 
are doublets. Experiments, as also quantum-mechanical considerations, 
show that the term with the highest multiplicity has the lowest value. 
Hence *8 is the lowest term of the N atom. *D and *P terms ate ol higher 
energy (2*37 and 3*66 eV reqieotively). 



APPENDIX 


616 


Aocording to sdeotioa rules, inter-trauaitioiis betwem the terms *S, *D 
and *P are forbidden: hence *D and *P ore metastable states (Fig. 16) 

It wiQ be noticed that the *2) state 
has the nnnsnaUy long life of 8 
hours I 

Forbidden transitions, however, 
do occur under certain special condi- 
tions as explained in Chapter X, Sec. 
4 (d). In the auroral spectrum the 
forbidden transitions *P *8 (A 3466) 
and (A 6200, A 6198) have 

been identified. They have also been 
observed in Kaplan’s specially condi- 
tioned discharge tubes. Their pre- 
sencer in the night air-glow spectrum 
is, however, doubtful. 

It is to be noted that lines of 
atofioic nitrogmi due to permitted 
transitions (A 8684 and 

A 8714) have been observed in the 
aurora. 

(/) Atomic oxygen 

In the normal state the oxygen 
atom has the configuration (Is)* (2s)* 
(2p)*. The four equivalent 2p-dec- 
trons in the incomplete Xy-cell give 
rise to the terms *P, W and ^8 (see 
above). Of these, the term *P with the highest multiplicity, has the lowest 

t3.$S 

eV 

to 


5 


0 


Fio. 16. Bnergy level diagram of 0 -atom, illustrating transitions as are of interest 
in night air-glow and auroral spectra. and levels are metastable. Transi- 
tions from the high energy levels and are allowed. 




Feo. 16. Metastable energy levels of 
nitrogen atom. Note that the level 
has the extraordinarily long life 
of 8 hrs.l The lines \ 3466 and AA 
6 I 989 6200 have been observed in 
the aurora. 
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yalae and the correepaudiag state is the nonnal state of the atom. The 
enffigy-levd diagram of o:grgen atom depioting the states as are of interest 
in ni^t air-j^ow and auroral qieotra are depicted in Fig. 16. Selection 
mles demand that the inter-hAnsitionB between t/Sf, and *P terms dionld 
be forbidden; but as already mentioned snch forbidden transitions are 
known to ooonr under special ccmditloos, e.g., in the upper atmosphere 
where the gas is in a very rarefied condition. The line A 8677 (^Sq -*■ Wg) 
has been observed in the aurora, in the night air>glow spectrum and also 
in specially prepared discharge tube [Cfiiapter X, Sec. 4(d)]. The lines 
A 7774 and A 8446 are due to permitted transitions and have been observed 
even whoi a faint trace of aurora is present. 

Table 11 gives the absorption data of atomic oiqrgen. No experiment 
has yet been done to study its extreme ultraviolet absorption spectrum. 


Tabu n 


Absorption data of cUamie oxygen 


Spectral 

Region 

Phenomena obaenred 

Remarks 

A<910 
(13-65 eV) 

0 *P+A»-+0+*5+e 

The intensity of absorption is not 
known experimentally. Theo- 

retical calcimtion ^ows that 
the absorption cross-section is of 
the order 2-8 x 10-17 cm.* 

A<868 
(14-4 eV) 

o ^s+/ll^^o+•p+« 

Effect negligible. 

A<744 
(16-6 eV) 

O i7>+/(»-^0+*P+« 

Effect negligible. 


(g) Molecular nitrogen 

A nitrogen moleoide may be made up of two atoms in any of the three 
states *S, *D, *P. This gives rise to a singlet and to a triplet series of terms 
(see Fig. 17). Not all the terms have, however, been observed. Those 
observed are, 

(^.ombination Terms observed 


*8+*S 

*D+*D 

*8+»D 

*J)+‘P 


m 

»£ 

'77, »J, *77. 


From Fig. 17 it will also be seen that the excited levels of the Ng 
molecule fall under two categ<»ies — a set of singlet levels and a set of 
triplet levels. Intertransition between the two sets is forbidden by selec. 
tion rales. Hence, the state is a metastable state. The life of this 
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important metastable state has not yet been determined, though, it is 
believed to be long. {Notei In the energydevel diagram the sinc^et state 



Fio. 17. Energy level diagram of Ng. The electronic states (a, A, B, C, D) aro 
shown by the heavy horizontal lines. The short thin lines give the vibration 
levels. Two ionization limits 18*76 and 15*68 volts are shown by heavy horizontal 
broken lines. (2^ofe : TKe singlet state a^/7; as commonly beUeved, is diown as 
having u q^mmetzy. According to Herzbeig [2a]» however, it most probably 
po s sess e s a g ^nmetry.) 


as commonly believed, is shown as bavin;' u symmetry. According to 
Herzbeig [2a], however, it most probably possesses g symmetry.) 

The main singlet system of bands is the Lyman-Birge-Hopfield system. 
They lie below A 20()0 in the vacuum ultraviolet. Of the triplet system of 
bands, the strong ones, known as the first and the second positive systems, lie 
in the visible and near ultraviolet. Other s^tems of bands, less intense, are 
the fourth positive (triplet), the fifth positive (singlet) [2] and the Oaydon*s 
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80 >oalled P, Q, B, 8 and T systems (siiiglet) [2]. The tranaitfaai of the 
fifth positive system is still uncertain or The 

P, Q, etc. systems of bands are all due to transitions to t^Uu state. These 
ba ii d ff lie in the region AA 2000-3600. (Notei The positiTe (systems or 
bft nd* ! are so called because they are prominent in the positiiTe ccdumn of a 
discharge tube. It is interesting to note that there is no Nt band cystem 
as third positive. This is because the lystem originally so 
designated was later found to be due to NO.) 

There is an important intercombination system of bands (forbidden 
toansition from triplet to singlet) known as the Vegard-Kaplan system 
lying in the visible and near ultraviolet. 



Fio. 18 . Pcteatial energy ourvee of the Ng molecule. 


Of the bands, the first negative bands lie in the visible and near 
ultraviolet. (The negative bands are so called because they are found 
strongest close to the cathode of a discharge tube.) 

Of the abe(»ption bands of Ng, the one of interest fi» excitation of 
upper atfiiospheric spectra, is the Hopfield-Bydbog series in the extreme 
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olIxaTidAt (A 670) leading to ionization, the ionized moleonle being in the 
excited {A' *£) state [3], b the absoiption process <nie atran of the 
molecule remains unaffected and the other is excited as ftdlows [4a]: 

. NW-S) -► . N(l«)*(2*)«(^)«(n«) *P> 

In the excited atom one of the three p-electrons passes to the na states 
(» = 3, 4, 6, etc.) giving rise to a number of *P terms in a Rydberg 
series. The limit corresponds to the ionization of Na in the excited state 
N48f .N+»P (A' *£). [See Kg. 17.] 

In Kg. 18 potential mergy curves of the Na molecule in the different 
states are shown. 

In Table m the absorption data of molecular nitrogm are summarized 
for convenience. 

Tabu III 


AbeorpiUm bond* of Nt 


Spectral Region 

Remarks 

XX 1460-1000 

A progression of narrow discrete bands. 

Weak absorption; about 40 cm. at S.T.P. is 
needed for complete absorption in the 
centre of the bands. The absorption is 
much weaker than that of Of in the same 
region. Observed by Birge and Hopfield 
[4]. 

XX 1000-600 

Rydberg sequence of absorption bands 
converging to the limit X 796. 

A few tenths of a mm. at S.T.P. cause 
complete absorption. First observed by 
Price [6]; also observed by Worley and 
Jenkins [6]. 

X<796 

Continuous absorption commencing at 

X 796 (16*63 eV). 

A few tenths of a mm. at S.T.P. show the 
continuum. Each quantum absorbed 

produces (normal) and electron. 

Observed by Worley and Jenkins [6]. 

JU 800-660 

Rydberg sequence of absorption bandcf 
converging to the limit A 661. 

A few hundredths of a mm. at S.TJP. suffice 
to bring out the absorption spectrum. 
First observed by Hopfield. Also ob- 
served by Takamine and others [7]. 

A<661 

Continuous absorption commencing at| 

A 661 (18*67 eV). 

Very strong absorption as in the case of the 
preceding Rydl>erg sequence. Each quan- 
tum absorbed produces (excited) 

and electron. Observed by Takamine 
and others [7]. 


It will be noticed that molecular nitrogen, so fitr as the total amount 
in the upper atmospheric regi<ms is concerned, is> practically trauqtarent 
firom the visible region down to A 1000. 

Another important point may also be noticed. It is wdl known that in 
the case of most diatomic molecules (for instance in the case of Oa, Table 
V), there is a continuous absorption process which decomposes the molecule 
into a normal and an excited atom. Thwe is, however, no such continuous 
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absorption of Ng leading to the dissociation of the molecule into atoms. 
However, nitrogen molecules may be dissociated in the process of neutraliza- 
tion of ion by recombination with dlectron or, by predissociation (1150- 
1260 A). [See Chapter V, Sec. 3 and Chapter VIII, Sec. 6(c).] 

In Table IV are listed the emission bands of N 2 and as are of 
importance in night air-glow and auroral spectra. 



(A) Molecular oxygen 

An oxygen molecule 
may be made up of two 
atoms in any of the three 
states ®P, ^D. Fig. 19 

shows the energy levels of 
O 2 and 0*^ . Corresponding 
to the four electronic states 
of © 2 , namely, X^IIg , a^IIu , 
a^IIu , and , there are 
four different possibilities 
of direct photo-ionization, 
giving four — ^first, second, 
third and fourth — ionization 
potentials. (The ionization 
potentials are given in the 
Table at the end of Sec. 8.) 
It is to be noted that for all 
the cases, except for the 
ground state X^IIg , the 
absorption by the O 2 mole- 

Fio. 19. Bneigy level diagram of normal and cule, ionizes ^ an^ at the 

ionized ox y g en moleoole. (JVote : Aeoozd- ®®ni® tune, raises- the lomzed 
ing to Price and Ciollins [12] the distances molet:ule to an electronically 
of the ^IJu and states of ficom the excited state, ((/ompare the 

ground state of Of are ie*l and 18*2 eV oase of ionization of N 2 , 

respectively. See Table V.) j«jg jy j 

There is also a possibility of pre-ionization, attention to which was 
first directed by Nicolet [7(a)]. lliis pre-ionization process is important 
in the theory of the production of the ^-region of the ionosphere (Chapter VI, 
Sec. 10). The Rydberg series (the limits of which lead to ionization) 
lying between 1000 A and 900 A in the bands for the second and third 
ionization processes, present characteristics of pre-ionization. These 
bands lie within the ionization continuum of the first ionization process. 
There is thus possibility of pre-ionization [vide supra, sub-sec. (d)J. The 
case is of importance, because the absorption within the bands is, at least, 
10* times that of the continuum of the first ionization process within 
M'hicli they lie. 
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Tasu IV 

Btni»»ion hand* ef Xg and Xj^ 



Spectral region 

Transition 

Remarks 

First positive (Ng) 

M 14700—6030 


Equally strong in both 
the night air-|^low and 
the auroral spectra. 

i^ecoiid positive '(N 2 ) 

AA 6440— 2690 


Present in the auroral 
spectrum. 

Fourth positive (Nj) 

AA 2004—2266 


Not observed either in the 
auroral or in the night 
air-glow spectrum. 

Vegard-Kaplan (Ng) 

XX 3406—2200 


Transition forbidden. 
Most intense in the 
night air-glow spectrum. 

First negative 

AA 6864—2987 


Prominent in auroral 
meotrum and also in 
that of the night air-gkw 
when the upper atmo- 
sphere is illuminated by 
the solar rays. 


The absorption coefficients for the ionization processes listed above 
are, unfortunately, not known with precision. The orders of the values as 
estimated by Nicolet [?(&)] are as follows : 

First ionization 10"*® cm* (A<1020A) 

Pre-ionization . . 10“^® to 10"“ cm* (1000A<A> 91UA) 

Second ionization . . 10*i® cm* (A<770) 

Third ionization . . lO-i^ cm* (A<730) 

Fourth ionization . . 10-*® cm* (A<680) 

As explained in Chapter VI, Sec. 10(d), the ionization processes of Oa, 
amongst those listed above, that are of interest in the formation of ionized 
regions are the first ionization (A^1020) and the bands of pre-ionization 
lying between 1000 A and 980 A. 

The principal absorption bands that have been observed so far are 
givMi in Table 

The emission bands which have so far been studied are: (1) the first nega« 
tive bands A 7900-5300 corresponding to the transition and 

(2) the second negative bands between A 4400-2200 corresponding to the 
transition *i7« *i7,. It should be mentioned, however, that none of these 

bands have yet been observed in the night air-glow or auroral spectrum. 

Potential energy curves for the Qg mdlecule are shown in Fig. 20. 
The observed vibrational levels are indicated by the short horizontal 
lines. 
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Table V 


AbBdrpiion hands of O2 
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(i) Negative Ions 

It is well known that free electrons in many gases attac^h themselves 
readily to the atoms or molecules of the gas. The atoms or molecules 

carrying the extra electronic 
charge are known as negative 
Uma, If a negative ion is to 
be stable, the energy in the 
normal state must be less than 
that of the corresponding 
neutral atom. The difference 
of energy between the normal 
state of the neutral atom and 
of the ion is a measure of the 
‘electron afSnity ’ of the atom. 
Investigations have shown the 
existence of 0“, Og, NOg, 
NO^, OH" and H”. The ions 
N“, Nj, He“, Ne’ and A“ 
have not been observed [13]. 
The continuous spectrum of 
the negative ions lies in the 
visible and infra-red. 

Of the negative ions those 
of importance in the upper 
atmosphere are O'" and 
0“ [14]. 

The ground state of 0" 
has the electron configuration 
(ls)S(2s)S(2^)<^ and is a term. The ion may have also excited states 
but with very small binding energy. The value of the electron affinity of 
O" is generally taken as 2-2 q\ after Lozier [15]. \ieT and Mayer’s 
claim [16] that the value is 3*0 oV is not substantiated [16a]. The electron 
affinity of O' is estimated to be 1 e\' [14]. The absorption cross-section 
of 0“ is of the order 10“® cm.* 


oh— - 
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NUCLEAR SEPARATION IN ANGSTROM 

Fio. 20. Potential energy curves of the Og 
molecule. The observed vibrational levels 
are indicated by the i^ort horizontal lines. 
Two disaociatioD energy levels are shown. In 
one the dissociation products are two 0(*F) 
atoms emd in the other (higher) one is 0(*P) 
and the other 0(^2)). Absorption leading to 
the second type of dissociation is very much 
stronger. 


3. CONDUCTIVITY AND DIELECTRIC CONSTANT OF AN 
ABSORBING IONIZED GAS 

(a) Conductivity 

The relation a = aVc*v///«(p*+i^) in p. 183 can be proved as follows 
after Appleton and F. W. Chapman [Proc, Phys. Soc,, Voh 44, p. 246, 1932]. 

The equation of motion of the electron under the action of a sinusoidally 
varying electric force can be ^mtton as 

'*** = (1) 


m 


dt^ 


where the symbols have their usual meanings. 




bttcgntiiig. 


<te ; 


(*) 


iHiaie 0 is aa intagniUoii oonsUnt. 

Oomrider the graap of eleotfcns sdiioh had all tiieir laat coUiiioii at a 
partioolar inataiit ti . . I&uw the mean velooit^ of the group of eleotrans at 
the instant l« wiU be am, 

a.- 

Then from Bq. (2) 


mp 


(8) 


Baoh of the eleotrons of this groi^ oan, thecefbte, be assigned a velooity 
at the time I, given l^. 


mp J 


w 


We now find oat the mean velooily of oil the electrons, the regular vibrations 
d[ idiioh axe being intenrnpted by ooOisiaDS. Vbr this, we first find out 
the number of particles whose mean velocity Iks in the neighbourhood 
of V, that is the number of particles whose time interval between last 
coUision and the time t, Iks in the range (i—ii) and (I— %)+<&!• Hthe 
average time interval between two cdlisiODS be r, tiien according to 
Lorentz the number would be 




T 


e ' *1 


where k the total number of iMrticks considered. Since ti varke from 
ti — — oe, to ij 30 i, we have for the mean velocity of all the particles, the 
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Patting 1/r » p, the ooUisUmal frequency, 

— (•) 

Amuming that , there ace N electrons per cm*, the current density is N«^. 
This current being due to the electric field ^ conductivity (tf the 

medium is obtained by dividing Not by Retaining the real part 

of the complex expression, the conductivity 


o 


Ne*v 

»»(?■+ «^) 


[e.s.u.]. 


( 7 ) 


The effect of the collisions in disturbing the regular vibrations may 
also be conveniently represmted as a firictional effect. Thus, if a frictional 
coefficient g be assumed for the vibrating dectron, the equation of motion 
becomes 

<»' 

or, 

m^+gv=^E^** 


Since v varies sinusoidally with the same frequency as the impressed electric 
force, we may put dvjdi jpv. The expression for the velocity thus 
becomes: 


9 


jpm+g • 


( 10 ) 


Comparing Eq. (10) with Eq. (5) we note that the frictional coeilicient 


m 

jry SK ffiy^ 

T 

(b) Complex dielectric constant 

The expression for the complex dieleetrie constant of an absorbing 
medium and the relation between the dielectric constant and the refractive 
index of such a medium [Chapter \’I, Sec?. 2] can be derived as follows: — 
Consider the propagation of a plane electromagnetic wave in a medium 
of dielectric constant k and conductivity a in the direction of the Z-axis 
(say). Let Eg denote the electric vec-tors due to the passing wave 

along the X, Y and Z axes. The total current along the F-axis due to 
the wave is composed of two parts, a displacement current Kl4n.d£yldt 
due to the time variation of £*, and a c onduction current E/r. Let bo 
of the form Then the total current may be expressed as 



UPPER ATMOSPHERE 


The oonduotiTity may thus be regarded to hare altered the dieleotrio 
oonstaiit of the medium from x to a complex value 



The equation for the propagation of may be now written ae, 


E, 



where c is the velocity of light. 
Or, putting the complex quantity 


( 1 ) 


(2) 


Vt' — • - 


(3) 


Jiltt 




fi the real part of ^/Ic* is thus the refractive index of the medium, while 
X the imaginary part is the absorption index, causing a diminution of the 
amplitude as the wave progresses, x ^ absorption per length of path 
cjp ■■ A/2ir. Or, if A; is the absorption per unit length, 




(4) 


Now in an ionized medium there is, a convection current, due to the 
motion of the ions under the action of the electric field of the wave, the 
components of which are Nev^ = dldt(Nex)^ etc* The convection currentf 
it is to be noted, is in phase with the displacement current and does not 
cause any dissipation of energy. In fact, as mentioned in p. 179, the effect 
of the convection current, so far as the propagation of a wave of pulsatance 
p is concerned, is merely to reduce the dielectric constant of the space to 
the value 1— (4iri\re*/mpS). Remembering, therefore, that for plane wave 
propagation in the direction of the X-axis, 9/9y a 9/9? = 0, the field equa- 
tions may be written in the form 



1 

c 

1 1 

1 

+ 

1 

II 

•• 

.. (6a) 


1 

c 

[dE,^ a,. „ ,1 ag. 

• • 

. . (6b) 


1 

c 

f ag.^ a , . .. ,*] ag- 

•• 

.. (Be) 

BH, 

~~sr 

lag. 

" ’ c dt dr * e dt “ 

dE. 

1^' 

.. (M) 


We note from Eq. (5a) the curious fact that the wave is not wholly trans- 
verse since ^ 0, though the wave propagation has been assumed to be 
in the direction of the X-axis. 

Let the effective dielectric constant of the medium be ic. If there be 
absorption due to collision, then «r will be complex and may be represented 
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by Let the reotoni E and JET vaiy shiiiaoidhlly. Hien, acoaerding to 
Bq. (2) Bu, £or iurtanoe, will contain the factor 

, d jp^ k' , 9 

€ ' 'andwehave^---Z£^and^-jj>. 

Substitating these values in the set of Eqs. (6) we have, 

jpE^+4mjpNex ■* 0 

lUpE,+*njpNey}^^^^^ H, .. .. (6) 

I [jpS.+^njpNez] =1 -jP^ j L 

-jpH, - 0. -i jpH, E„ -\3pU, m.-3p^E, . . (7) 

Eliminating H, from Eq. (6) with the help of Eq. (7) we have the relation: 


E,(k'-1) = UNey (8o) 

Similarly, 

E.(k'-1) - 4^Nez (8t) 

E,(#t'-1) « -y/7'4itNez (9o) 

H,(K'-l)=^y/l?4mNey (M) 


(These expressions will be found helpful in connection with the deduction 
of the Appleton-Hartree formula in Sec. 4.) 

Now, the equation of motion of the ion under influence of the electric 
vector Eg (say), is given by 




There is also a similar equation for E,. The second term on the right 
represmits the effect of ‘friction’ on the motion of the ion due to collisions 
where g = mv. 

[A force arising out of polarization is sometimes included. The total 
electric force acting on the ion along F-axis (for instance), then becomes. 


It has, however, been shown by Darwin that under ionospheric conditions, 
this force does not exist. The subject is disoussed in Chapter VI, Sec. 4(/). 
There may also be a force of restitution due to the displacemmit of the ion. 
This has been neglected in writing out Eq. (10)/ as its magnitude must 
be very small, since the ion is moving freely.] 

Substituting for d*/9(* and d/dt we ^ve, — mp*y = eEg—gjpy. Or, 
substituting fw Eg from Eq. (8a), we have. 


iHiere 


1 

#t'-l 


mp^ . jgp ^ 




4irNe* 


and j8i 


4irNs« 


_ mpv 
" 4irNe« * 
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Thus, when the effect of abs(»ption doe to odlhdon ie taken into aooonnt, 
the valae of effeotire (ocanpleac) dielectric constant «' of the ionized medium 
[see Eqs. (3) ahd (4)] is given by 



where JIf is the complex refractive index. 

Since according to Eq. (1), k' = k—4^Ip = it is easy to 

show by equating the real and the imaginary parts that the refractive 
index ft and the dielectric constant k are related by the equation 


K , Ik* , 4ir*o* 
2‘‘’ V 4 p* ■ 


When the conductivity a is equal to zero we can identify with k. 


4 . THE APPLETON-HARTREB MAGNETO-IONIC FORMULA 

The Appleton-Hartree formula [Chapter VI, Sec. 2] may be derived as 
follows: — 

Let the proimgation be along the X-axis and let the Z-axis be in the 
direction of Hr (Eig. 14, p. 195). The equations of motion of the dectron 
in the field of the advancing electromagnetic wave are then: 



d^x „ dx e „ dy 



( 1 ) 


* .. .. 

” dt c dt c dt 

( 2 ) 


d^z „ dz e dy 

dfl ^ dt c di 

( 3 ) 

Here g is the ‘ frictional’ coefficient [see Sec. 3(a)]. 

Making the substitutions, = — p*, d/dt = jp 


we have, 

— i»p%e as eE,—g3px-\— Hripy . . . . 

c 

( 4 ) 

and similar equations for y and z. 



. JP _ mpl*x gjpx Ht 

..E, e ^ e c ^ " 

( 6 ) 

or, substituting for a, fi and Yt* remembering that g is equal to mv, 


we have 

E, wm 4nN exift+jp) —jyj^diitN ey). 

(«) 

Similarly, 

Eg = 4mNey(it+jP)-\gyg{4mNex)—3yj(,4mNez) 

( 7 ) 

and. 

E, « 4irNez(*+jpi +jyfj[4nNey). 

( 8 ) 
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We also have fiKmi Bqs. (8) in See. 8, 

—E, — ^Nex 

(K'-l)E,wm4ntNey[> •• .. (9) 

= imNez ) 


Silbstituting the values of E,, and E, firom Eqs. (6), (7) and (8) to (9) 
we have, 


(l+a+jP) 

• • • • 

.. (10) 


= jYjNee. 

.. (11) 



.. (12) 

Multiplying Eqs. (11) and (12), we have. 




.. (13) 


This equation may be thrown into the standard form aa^-\-bx-\-c = 0, 
and written as, 

[;?^-(.+iw]‘+iq^[;^-(.+jm]-n*.0. .. (14) 


Solving Eq. (14) we obtain. 


«' = J|f2 = 1+. 


(16) 


(«+i^) 2(l+a+ij8)'^' 


4(l+a+ii3)* 


6. A NOTE ON THE DIFFERENT WAYS OF EXPRESSING 
THE PROBABILITY OF A REACTION 

The probability of a reaction may be expressed in various ways 
[Chapter VI, Sec. 12]^ For instance, one may say oS probability of the reaction 
taMng place per gas kinetie collision, meaning thereby, the probability of the 
reaction taking place if the reacting particles collide in the gas kinetic 
sense. The same fact might also be expressed as the effective cross-section 
of the particle for the particular reaction. The value of the cross-section 
is such that if the-fieqnency of collision be calculated with the help of the 
gas kinetic fonnula (taking this value of the cross-section) then every such 
collision would be ^ective in producing the reaction- Evidently the pro- 
bability of the reaction per gas kinetic collision is equal to the ratio of the 
* ^eotive* cross-section and the gas kinetic cross-section. Finally, we may 
express tiie efficiency by the coefficient of the process (recombination, 
mutual neutralizstion, attachment, detachment, etc.). Thus, if »! and be 
the numbers per unit volume of the two kinds of particles 1 and 2, thm the 
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nte of the reaction, i.e., the number of the reactions per unit time per 
unit vblame will be given by aRx**t v is called the coefficient of the 
reaction. 

The rdatiims between the 'effiBctive* croes-section of the particle, 
the ‘ coefficimt* of the reaction and the ' probabilily of the reaction taking 
place per gas kinetic cdlision’ may be deduced as fdlows: 

Let vi be the number of cdMons which a particle of kind »i make 
per second, vj is givmi by S/Ij where 9 is the mean velocity and li the mean 
free path particles of kind %. li is given by 


where fis ■■ *’i+^s sum of the radii of the two kinds of particles and 
^ and their respective mean square velocities. If the particles are of 
the same kind, that is, if the colUsions are between the molecules of a single 
gas, then ^ ^ and fu « 2r. In such case 

1 1 
I 


4\/2ffn ’ 


where o is the cross-section of the particle, 
be electrons, then their mean free path 

na 


If one kind of the particles 


niis is because the radius of the dlectron is negligible compared to that of the 
other kind of particles and, for the temperatures considered, the mean 
square velocity of the electron is much larger than that of the other 

velocity C*, so that Therefore, since 



the ooUisional frequency, when the particles are of the same kind, is given 
by 



and, if one kind of the particles be electrons, then 



The frequency of collision as deduced above is that of the gas 
kinetic cdllisi<m and the cross-septions of the oolliding particles are the 
gas kinetic cross-sections. The latter is of the order of axlO"!* cm.* 
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and varies accarding to the nature of the partiole. It can be detennined 
with accuracy by viscosity experiments. 

The cross-section may also be the effective cross-section of a particle 
for a particular kind of reaction so that, 

the probability of the reaction taking effective cross-section 
place per gas kinetic collision J gas kinetic cross-section ' 


The collisional frequency calculated by taking the effective cross- 
section may be called the effective collisional frequency of the particle for 
the reaction considered. 

We may also find out the relations between the ^coefficient’ of the pro- 
cess a, the ’effective’ collisional frequency and the gas kinetic cross- 
section or. 

We have, 


Also, 


number of reactions per sec. 
per unit volume 



anin2. 


number of effective collisions per sec. of particles 
of kind Til in unit volume leading to the reaction 



*'dr.Wi. 


Since each of these collisions is successful in producing the reaction, 


or, 


Since, 




/ kT 

vcfl. -*16 — notf, when the particles ate of the same kind, 

V 


J 


8kT 

mn 


noA when one kind of the particles is electron. 


the coefficient of the reaction is given by, 

/ TTFt 

— when the particles are of the same kind, 
, irm 

/Sly 


7 


tm 


' udi. when one kind of the particles is electron. 


As an illustration we may calculate the attachment probability and the 
effective cross-section of 0 atom for the reaction : ' 


0+6 

from the knowledge of its coefficient. 

Theoretical considerations show that the coefficient of the reaction (/3) 
is 2x l0~** cm.*/8eo. for electr^ of energy 0-1 eV. The effective cross- 
section is given by 
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and since |mv* = eV where V is the energy the colliding dectron, 



v«a. 


or, Ota. 



;4-8xl0““om.» 


Again, the probability of the reaction taking place per gas kinetic collision 
is given by, 


effective eross-section 
gas kinetip cross-section 


4-3 X 10-** 
3X10-W 


l'4xl0-« 


If V the nnmber of gas kinetic collisions taking place per sec. be known, 
then the number of the reactions taking place per second is obviously 
i*xl'4xl0~*. It is important to remember that v here refers to gas 
kinetic collisions between eleotnni and oxygen atoms. If there be particles 
of other kind present with which the electron can also collide, e.g., mole- 
cules, and if v refers to the total number of gas kinetic collisions suffered 
by the electron, thmi in order to obtain the nnmber of reactions per second, 
V has to be multiplied by the factor mi/» where is the number per unit 
volume of oxygen atoms and n that of all kinds of particles. Thus, it is 
known from radio measurements that the frequency of collision of electrons 
in the lower portion of Region E is about 10* per second. Of these, if one- 
fifth be taken to be with O atoms (the other kind of particles being Os 
and Ns), and since for Region E gas kinetic cross-section is roughly equal 
to elastic cross-section, the rate of the reaction is given by ^xl0*xl‘4 
X 10“* = 2-8 X 10“* per second [Chapter VI, Sec. 16]. 


6. RATE OF PHOTO-DETACHMENT OF ELECTRONS FROM 
NEGATIVE IONS BY SOLAR RADIATION 


In Chapter VI, Sec. 12, it is mentioned that I, the rate of photo-detach- 
ment of electrons from negative ions under the influence of solar radiation 
is given by / = N^yi fi where N. is the nnmber density of the negative 
ions and jS is the coefficient of attachment. The exinression for yi as given 
in the text may be deduced as follows. 

The number of quanta of energy hv in the frequency range 
entering into unit area of earth’s atmosphere is given by. 


where 


_ , 2ir /R> 


* y* 


dv 


S — ^radius of the sun, 
d— earth-sun distance, 

Tt — ^tempwature of the sun. 
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Sioce for the ocmditioiis under (MHuidmation 1 ^ exp hi^/ItTt the 
equ r ee a ton rednoee to 

"r*' “ ^ ^ «*P (-W*2’.)*. 

where ^ is the angle subtended by the sun’s radius at the earth. 

Now the rate of photo-detachment, i.e., the number of electrons 
detached from negative ions by the impact of radiation per unit volume 
per second is given by, 

where, 

QJy) — cross-section for light absorption of frequency v. 

Vo — flight frequency for the minimum energy of detachment. 

— ^number of negative ions per om>. 

Substituting in the expression of I the value of and using Milne’s relation 
(p. 303) we have, 

j exf {—h»lkT,)dv. 

Now changing the variable from v to t> with the help of the relation, 

ime* = Hv—Pt), 

and remembering that when v is small, Q,{v)cc l/v [1], i.e., Q,{v) = Qm/v, 
where is a constant, we have, 

/ = .xp j* «• MP (- 

Now the product of Q.(v) and v is the coefficient of attachment for electrons 
with velocity v. We therefore have from the relation Q,(v) = Q^ifv that 
P = Qm- Substituting fifocQ^ia the expression of I and integrating 

I = iiy.i/lexp {-hPo/kT,). 

Putting I = N^yxP we have, 

Yl =* ®*P 

7. A NOTE ON GEODETIC CURVES 

Some of the properties of geodetic curves mentioned in Chapter VIII, 
Sec. 6(e), are briefly discussed here. 

A geodetic curve on a cone of revolution is a curve such that whmi the 
cone is rolled on a plane the trace of the curve on the plane is a straight 
line [1]. Or, conversely, if a straight line is* drawn on the plane developed 
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by rollfaig the cone, then vhen the plane is wound up into the form of the 
origuial cone, the line is a geodetic line. In Fig. 1 the radiid lines mark 
out the q>aces over which the cone advances with each revolution. The 
angle ^ betwem the lines is easily seen to be equal to 2ir sin <0 where w 
is the semi-apical angle. The line AB on the plane will be a geodetic line 
when the plane is wound up to re-form the cone. A little consideration 
shows that the point where the line is at a mmimiini distance d from the 
apex will be the turning point of Ihe geodetic line on the surfoce nS the 
cone. That is, the line will come spiralling down the surface of the cone up 
to this pomt and will then spiral up again. 

Consider a particle of characteristics m, v, e moving in a uniform 
magnetic field (H) at right angles to the lines of force. Due, as 
usual, to the balancing of the electoomagnetic force and the centrifugal 
force the parti^Je will move in a circular path of radius r, = mvfeH, the 
plane of the circle being at tight angles to the linos of force. 

If the particle be not moving in a direction at 
right angles to the lines of force but in a direction 
making an angle ^ with the same then the vdocity 
oomponent parallel to the magnetic field wUl remain 
unaltered and the particle will move along a helix, 
with radius of curvature p, where p = mvjeH sin 0, 
the axis of the helix being parallel to the magnetic 
field. This heUx would be wound on a circnhur 
cylinder of radius 

f ' = /» sin* tff 

_ mv sin 0 
~ eH ' 

Now let the fidd, instead of being uniform be 
that due to a single pole of strength M, so that at a 
distance r from the pole the strength of the field is 
Mjf*. It has been shown by Poinoar4 [2] that in 
such a case the particfo will move along a geodetic 
Fio. 1. Illustrating Uhq the cone of revolution of which the generator 
geodetic curve on a joining the particle to the pole and semi- 

The curve is such apical angle IB given by sm <0 = r /r = mw am ^/Jfc. 
that when the The quantity r sin ^ is thus constant being equal, to 

is rolled on a plane, sin <a eMjmv. If, thwefore, we draw a line firom the 
the trace of the curve parallel to the line indicating the direction of 

on the ^ane is a particle when it is at a distance r from 

s rai^ me ( ). distance between the two lines, 

will remain constant throughout the motion of the particle, since d = r sin ift. 
As the particle moves towards the apex, r decreases and hence ^ the angle 
between the trajectory and the line of force will increase. When r d, 
^ becomes equal to 90” and the turning point of the trajectory is reached. 
Here the trajectory is nearly of circular form. Further, since the distance 
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d of the tmniiig point fr(»n the apex dqieods oidy on the angle ^ at tiie 
distance r and not on the momentum of the particle mv, it follows that if, 
at a given distance from the pc3e, particles of 
diffarent mass and vdocity start in the direc- 
tion, they will all reach the same tninimnin distance d 
from the pole before turning back. 

Again .substituting for sin < 0 = ^/2ir and for sin ^ 
ss d/x in the expression sin m = mvr tin iftfeM we 
find = eMjimvd, which gives the number of times 
the mbit turns round the ccme on its way firom in- 
finiiy and back to infinity. This number is inversely 
jffoportional to the velocity v of the particle. 

A very important o(»ollary which considerably 
simplifies the consideration of ^e trajectories of the 
particles when they enter the atmosphere and lose 
vtiocity due to encounter with air particles ftilows 
from the above. Such a particle, provided its direc- 
tion of motion is not changed by encounter with air 
molecules, will, though moving with gradually dimi- 
nishing vdodiy, reach the s^e distance d firom the 
Fia 2 . niustrat^ would have reached if it were moving witii 

cone angle ia iuag- constant velocity in emply qmoe. The effect <rf 
ined to decrease gta- decrease of velociiy is to diminish the value of the 
doally as the plane cone angle ce and consequently to increase tiienumbw 
rolls; the angles di, of turns. The particle in &ot will not be moving on 
ItaaU* ^mi^sh^ a simple cone of revolution but on a cone whose apical 
angle may be imagined to be decreasing with each 
turn. Fig. 2 shows the plane which is developed 
from a cone of this sort. The aoj^e ^ diminishes with each revolution 
thecme. 

8. SOMS SOLAR DATA 

The sun is a star of the 6th magnitude bdonging to the category of the 
so-called dwarf stars. In the spectral sequence of stars it belongs to Class 0. 

The diameter of the sun is 1-392x10* km.; the earth-sun distance is 
149-6x10* km. 

Near the centre of the sun the specific gravity is 30, the temperature 
is several million degrees and tiie pressure is many hundreds of millions of 
kilograms per square centimetre. 

Period of Balation . — The sun rotates at different speeds in different 
latitudes, liie mean Value of sidereal rototibn 'may be taken to be that 
obtaining at the solar equator, namely 26-36 days. 

The average time takmi by the sunspots to return to the same iiotitkm 
of the ^so with respect to the terrestrial observer is, however, 27 terrestrial 
days. This interval is called the pniod of synodic rotation. It is not the 
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true period, because the earth moves forward a certain distance in its orbit 
during the interval of a solar rotation. 

The son’s eqaatorial plane f<nins an angle of about 7* with the plane 
of earth’s (wbit (ecliptic). 

The mean of the son is 1*4 times that of water. Yet the interior 

of the son is believed to be in gaseona state. Owing to the enOrmooa 
preasoie in the interior, the atoms are 'crushed’ so that the nndens is dtom 
of most o£ the surrounding electrons. Such atoms can come doser 
together and occupy smaller space. The interior also ccmtains radiation, 
captivated as it were by the enormous pressure, which dowly fences its way 
towards the upper snr&ce where it is liberated and goes out into qpaoe as 
heat and lij^t. 

/Solar atmosphere . — The sun possesses an atmosphere which may be 
regarded as divided into various layers. 

Photosphere . — ^The bright sur&ce of the sun visible to the naked eye is 
called photosphere. 

Faeulae . — The surfsoe of the photosphere examined with telescope 
shows that it is not uniformly bright as it appears to the naked eye. 
Examined by spectrohdiograph it shows up minute clouds or grains (several 
hundred kilometres across) alternately bright and dork. These grains or 
clouds are regions in which currents from the interior of the sun carry hot 
vapours (hydrogen or calcium) to such heights that condensation occurs. 
The small bright clouds often run into one another and form bright patches 
on the surface of the sun called faeulae. These are often found round the 
sunspots' and like the latter have an ll>year cycle. 

Reversing Layer . — ^Above the photosphere there is a layer consisting of 
various gases comparatively cooler than the photosphere. This layer, 
about 600 km. thick, absorbs some of the radiant light anutnating 
from the photosphere and is called the reversing layer. This is because it 
causes dork Fraunhofer lines to appear on the solar spectrum as observed 
from the earth. 

Chromosphere . — ^Above 600 km. the reversing layer gradually mrages 
into the chromosphere which may be regarded as the upper atmosphere of 
the sun. It extends to several thousands of kilometres and contains the 
gases which are abundant in the reversing layer, like hydrogen, helium, 
calcium, etc. 

Prominences — Floceuli . — When chromospheric gases — ionized calcium, 
helium and hydrogen vapours — ^rise to great heights they are seen in all 
their grandeur as prominences near the limb of the sun. The heights attained 
by the prominences are enormous — avoraging 60,000 km., in extreme 
oases up to 600,000 km. After attaining the great heights the prominences 
curve round to ftU b^ck on the surface of the sun. The principal emission 
lines always found in the spectrum ci the prominences are those of the 
Balmer series (hydrogen), ionized calcium {H and K) and heliam (!>•). 

Prelections of the prominences on tiie solar disc, as recorded by the 
spectroheliQgraph, ore called bright (or, dark) fioeeuli at filaments. (Th^ 
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are brij^t if they emit and dark if they absorb their charaoteristic wave 
lengths.) 

BrigM eruptions (solar flare). — ^Intense bright patches known as bright 
eruptions are sometimes seen on the disc of the son with the spectrohelio- 
graph. The t 3 rpical bright eruption develops from hydrogen flocculus and 
occurs in the neighbourhood of sunspots. Spectroheliographic observations 
do not show the existence of any marked outward velocity of the bright 
matter of an eruption. The phenomenon may therefore be more properly 
described as solar flare. 

Corona , — When the sun’s disc is hidden by moon, as during a total solar 
eclipse (or, by an occulting disc, as in a coronagraph), diffuse illumination 
of various fantastic shapes — extending to several million kilometres — is 
seen round the disc. This diffuse light is called solar corona. 

Two parts of the corona may be distinguished. There is a pale yellow 
glow extending about a quarter of a solar radius beyond the rim. This is 
called innsr corona. White and fainter streamers are also seen to reach out 
several solar radii beyond the pale yellow glow. This is called ouier corona. 

The coronal spectrum consists of a continuous part superposed by 
lines. The most intense of the line radiations is the so-called green corona] 
line (A 6303) and is due to Fe+i^. The continuous spectrum oonsistB of two 
components — called the K and F components. The £^-component is due 
to light scattered by the atmosphere of free electrons which is supposed 
to surround the sun. This component is strongly polarized and has no 
Fraunhofer lines. (They are blurred out by Doppler effect.) The F- 
component is due to light scattered by inter-planetary dust cloud (the same 
as produces zodiacal light). This component is unpolarized (or, only, slightly 
polarized) and shows unbroadened Fraunhofer lines. Near the limb of the 
sun the intensity of the F-component is much less than that of the iC- 
component. But, the intensity decreases more slowly with increasing 
distance and exceeds the intensity of the ii-compoDent at distances larger 
than one solar radius. 

Sunspots , — On the photosphere are found dark spots visible even to 
the nidged eye. These are centres of vortex motion of gases as is evidenced 
by spectroheliograms taken with lines. Their number varies from year 
to year, and they become most numerous at intervals of 11 years (see 
Fig. 28, Chap. VII, Sec. 7). 

The spots are confined to two zones of solar latitude, 6^ and 40^ north 
or south of the solar equator. With the progression of the solar cycle the 
spots, while they decrease in number, move towards the solar equator and 
almost die out when they have arrived at about latitude 8^. Fresh sunspots 
at the higher latitude appear two or threq years before the final disappear- 
ance of the last member of the solar cycle at lower latitudes. 

A numerical measure of the sunspot activity is provided by the so- 
called Wolf number. The Wolf sunspot number is obtained, for each day, 
by multiplying the number of distinct visible sunspot groups by 10 and 
adding to it the number of individual spots observable in the groups. 
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Ifonthly and, amtiial sanspot numbera an obtained from the numben 
aaaigned to tin individnal daya. 

The Z§rieh muupot nrniber ia meaannd in the aame way and ia called 
80 beoanae it ia dependent on obsemtiona at Zurich Obaervatory and its 
atations at Locanio and Aioaa. 

Magwtie >IeId.--Stady of the Zeeman effimt of apeotral linee of the light 
from the annapota ahowa the eaiatenoe of intenae magn^c fidd (about 
3,000 gauaa). The magnetic field is produced by tiie motion of the kmized 
particlea in the vorticea. 

Beaidea the field on the ennq[)ot8 die aun ia alao auppoaed to have a 
general magnetic fidd (about 60 gauaa at the aurfoce) with the magnetic 
axis inclined approximatdy at an angle of 6‘ to ita aria of rotation. The 
exirtence of the general fidd is anpported by the appearance of the corona, 
specially of the coronal raya near the poles, which is similar to the disfribu- 
tion of the lines of force sunounding a magnetized sphwe. Howevw, 
recent measurements (slight amounts of circular polarization in the wings 
of spectral lines) seem to cast doubt on the existence of such a fidd — at 
least a permanent field [1, 2]. It is possible that if a gmieral magnetic 
field exists, it is variable and is corrdated with the phase of the sunspot 
cycle. 

iStdor apeOrum — Ten^peraiure . — ^The distribution of eaergy in the visible 
portion of the solar spectrum, apart from the dark Fraunhofer fines, roughly 
ccureqKinds to that of a black l^y at 6000'’K — ^the maximum energy lymg 
near 6(Xk) A. The qpectmm ends rather abruptly at 2900 A (see Fig. 1, 
p. 119) due to absorptitHi by atmospheric ozone (A 2900-2200). The absorp- 
tion due to molecular oxygen commences at about 2100 A. (For further 
details of these absorptions, see Sec. 2.) There is thus a ‘window’ in the 
region A 2200-2100. Attempts have been made to detect solar radiation at 
wavelengths around 2100 A, but with doubtful success. 

The energy distribution of solar radiation beyond A 2900 may not 
ooneqKmd at all to that ofa black body at 6000‘’K. Indeed, there are several 
reasons for bdieving that the sun radiates in the ultravidet far more 
strongly than such a body [see Chapter YI, Sec. 13 (d)]. Between A 1000 and 
A 200 ^ radiation leaving the sun may correqKmd to that of temperature 
20,000”K. From the chromoisphece and the prominences there are also 
fine emissions at all times in the principal series of H (La — A 1216, 1026, . . . 
912), He (A 684, 637, ... 606) and He-<- (A 304, 266 . . . 228). The intensities 
of these emissions ate increased many thousand times during transitory 
eruptions (laoting from 20-60 minutes) firom limited areas of the son’s disc. 
The amimrinns A 1216 and A 684 doe to H and He respectively as also fines 
due to Oa*** are specially intensified. 

Energy received by ihe earth — Solar eonetanl. — ^The qnanrity of edar 
energy received by 1 sq. cm. surface held nonnally to the solar rays outside 
rise atmo^here at the mean earth-son distance is called riie solar eonetant. 
Its value is estimated to be about fiO cals, cm.'* min.'t 
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Aaminfag the tnm to be radiating like a black body at 6000^ the 
energy oontained in the spectral region beymid any wavelaigth can be 
oalcnlated by Planck's radiation formula. Thus, the number of quanta 
whose enngy exceeds a certain limit h» is proporti(mal to Ii where, 

The number of quanta within the range entering the terrestrial 

atmosphere per second per sq. cm. is then given by 

— 3 X 101^ Ix (approximately). 

is thus the TnATimnm possible number of quanta available for a 
photo-reaction whose threshold frequency is v. In the Table below 


Tmmsm 

Numbers o/quarUa aoaUabU {on the €Usumption of a hot sun ai 600CI^K)f&rimportaiiU 
photo^reaetions in the upper atmosphere. 


Photo -reaction process. 


Ozone absorption in terrestrial 
atmosphere 

Runge-Schumann absorption 
Oa+ihr-^Oj (excited) 
Runge-Schumann continuum 
( excited) -|- O 
First ionization of Og . . 

Og-f-/ir-^0^ (normal)-f-6 
First ionization of O 
0+ 0“*’(nonnal)-f e 
First ionization of Ng . . 

Ng+Ap-^N^ (normal)-fs 
Second ionization of Og 
O^-^he^O'^ (exoited)-fs 
Third ionization of Og . . 

Og-fAp-^O^ (excited)+c 

Second ionization of O 

(excited)+s 

Fourth ionization of Og 
Og + he^ (excited)-f- e 

Third ionization of O 

0-f-Ap-^O'*' (exoited)-f 6 
Second ionization of Ng 

(esoited)+« 


Wavelen^h 
oorreqK>nding 
to the threshold 
frequency p at 
which the reaction 
begins. 

Number of 
quanta JFpv 
whose energy 
exceeds Sp. 
entering earth^s 
atmosphere 
per sq. cm. 
per see. 

2900 A (4-8 eV) ' 

6-8 X lOM 

1926 A (6*4 eV) 

21 X low 

1760 A (7 0 eV) 

6.*8xl0l* 

1019 A (12-2 eV) 

1-OX low 

910 A (13-6 eV) 

9-SxlO* 

796 A (16-6 eV) 

8-7.Xl0» 

770 A (16-1 eV) 

8-lXlO« 

782 A (16-9 eV) 

2-lXlO« 

732 A (16-9 eV) 

2-1 X 10« 

682 A (18-2 eV) 

1-8 X 10* 

666 A (18-6 eV) 

l-OxlO* 

661 A (18*7 eV) 

7-4x10* 
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is givsn for » number of important photo>reaotions in the upper atmosj^iete. 
It should, however, be remembered that the aotnal numbers of quanta 
reoeiTed in the extreme ultraviolet, in all probabilily, tu exceed those 
given in the Table calculated on the assumption that the sun is radiating 
like a hot black-body at 6000^. 


9. UPPER ATMOSPHERIC NOMENCLATURE 

In this Section we shall list a number of terms defining the dififerent 
upper atmospheric regions and their charaoteristics. The nomenclature 
used in the list is baaed prinoipidly on the comprehensive recommendations 
made by a Panel appointed by the Special Sub-Committee on the Upper 
Atmosphere of the National Advisory Committee for Aeronautics of the 
n.S.A. (NACA). Two kinds of nomenclature have been proposed: 
(a) A general nomenclature covering the whole range of heights in the 
atmosphere and (5) different special nomenclatures, each based on a parti- 
cular characteristic of the atmosphere (e.g. temperature, ionization as is of 
importance to radio propagation, etc.). [For explanation of the asterisk (*) 
and double a8teridc(**) marks against some of the terms see the note 
below.] 

The recommended nomenclature could not be utilized in the present 
volume as it was received too late. 

It may be put on reoord that the first suggestions for the introduction of upper 
atmospherio nomenolature came from H. Flohn and R. Penndorf [I] and from 
S. Chapman [2]. The p^mel appointed by the Special Sub-Committee on Upper Atmos- 
phere of the NACA to consider suitable upper atmospheric nomenclature took into 
consideration the suggestions made by these authors, as also those made by J/ Kaplan, 
N. C. Qerson and A. H. Wayniok. The nomenolature, before final adoption, wsk 
circulated for eliciting opinions of workers on the upper atmosphere. 

The reoomm^dations of the Panel were placed before a Committee on Nomen - 
olature (consisting of members from the Associations of Meteorology and of Terres- 
trial Magnetism and Blectxicity) at the August, 1951, meeting of the Internationa. 
Union of Qeodeqr and OeophysicS (U.I.Q.G.) held in Brussels. The tenns whichi i > 
Committee viewed with reserve are marked with single asterisk (*), and, those regard- 
ing which no recommendation was made concerning their use are marked with 
double asterisk (**). The rest are recommended for trial use. It has, however, been 
thou^t fit to retain the oonqplete list as originally recommended by the NACA Pane) 
on aoooont of its oomprehraidve nature. 

(a) General 'Nomendature 

(1) Troposphere, 0-12 km. 

(2) Stratosphere — ^fche region between (1) and (4), 12-80 km. (This is 

according to the recommendation of the Panel ; the defining 
diaraoteristics are ex^dained below under Special Nomencla- 
ture. The Committee (vide note above), however, recom- 
mends the retention of the usud sense of the term.) 

(3) Mesosphere — the region between the top of the stratosphere 

(usual sense) and 80 km., the region of the major minimum 
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of temperatme below 100 km. (iniis^name is not included 
in the list of the Fanel. It was first suggested by Chapman 
and is recommended by the Committee for trial use.) 

(4) Ionosphere, 80-400 km. 

(6) Supnuphere (*) — the region between (3) and (6), 400-1000 km. 

(6) Exosphere — ^the region in which there is appreciable escape of 
air to outer space, above 1000 km. 


[ HEIGHT 

Fig.I 

HEIGHT Fio.2. 



HETEROSPHERE 

LEVELS 

THERMOSPHERE 
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Flos. 1, 2, 3. Dlustrating upper atmospheric nomenolatuw ss originally proposed 

by Chapman. See text. 

(3) Special Nomenclature 

(i) Special nomenclature based on temperature distribution: 

(1) Troposphere — ^As used in the usual sense. 
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(2) Stratosphere — ^The region extending from the tropopause to the 

level of minimum temperature (somewhat below 100 km.h 
with the use, where convenient, of the name isoaphere (*) for 
the lower, nearly isothermal, part of the stratosphere where 
such layer exists. (See, however, the note above.) 

(3) Thermosphere — ^The region of increasing temperature above 

the stratosphere as defined above. 

(ii) Special nomenclature based on composition: 

(1) Turhosphere (♦) — ^The region from the ground upwards, in which 

turbulent mixing overcomes the tendency for the various 
constituents of air to diffuse relative to one another towards 
a distribution according to their molecular weights. 

(2) Homosphere — The region in which the mean molecular weight 

of the air is approximately uniform despite the existence 
of layers of important small amounts of constituents like 
ozone so that the scale height in this region depends sub- 
stantially on the values of gravity and temperature. 

(3) The region in which the mean molecular weight 
differs appreciably from that in the troposphere, whether as 
a result of dissociation of oxygen or other constituents or, 
through diffusive separation. 

(iii) Special nomenclature based on ionization : 

(1) Ionosphere — ^The region in which the atmosphere contains 

electrons and ions in numbers sufiicient to influence radio 
wave propagation. 

(2) Neutrosphere (*) — ^The region in which ions and electrons, though 

present, are not of importance to radio wave propagation 
on account of their insufficient numbers. (The name is 
complementary to ionosphere and obviously signifies the 
atmosphere below the D-region.) 


(c) Upper boundaries of the layers 


The upper boundaries of the various layers or regions are designated 
by extended use of the term pause, as already customary in tropopause. 


Layer 
Troposphere 
Stratosphere 
Isosphere (*) 
Mesosphere 
Neutrosphere (♦) 
Homosphere 
Tufbosphere (*) 

4IB 


Upper boundary 
Tropopause 
Stratopause 
Isopause {*) 
Mesopause 
Neutropause (♦) 
Homopause 
Turbopause (♦) 
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{d) Levels of maxima of the defining diaracteiistlcs of the different 
layers (••) 

The lords of maxima of the defining characteristics of the layers are to 
be signified by the use of the term peak. 

Stratopeak .. The level of maximum temperature between 

tropopause and stratopause. 

Ozonepeak — relative .. The level at which the relative (or j absolute) 
(or abeciute) ozone concentration attains its TtiftTimnni , 

E-, F-peak . . The level at which the electron number 

density in the E- (or F-) region attains 
its maximum value. 

(e) Incline and Decline (**) 

The regions in which the defining characteristic of a layer is increasing: 
or decreasiDg in value (with height) are to be signified by the use of tho 
twms indine and decline respectively. Thus : 

Stratoineline Stratodedine 

Ozone indine Ozone dedine 

E (or F) indine E (or F) dedine 

(/) Ghemosphere 

In discussions on upper atmospheric chemistry the term ehemoephere 
is to be used for the region of the atmosphere in which chemical reactions 
ate important owing to dissociative processes induced by solar radiation — 
wave or corpuscle. 



BIBLIOGRAPHY 

CHAPTER I 


QsNBBJlL CONSZDteATZONS 


1. Milne» E. A., Trans, Oatnb. PhU, Soe,, IS, 483 (1922-23). 

2. Maris, H. B., Terr. Mag, and Almos, Else,, 33, 293 (1928); 34, 46 (1929). 

3. Epstein, P. S., Qsr, BsUr, s. Osophys,, 35, 163 (1932). 

4. Mitra, S. K, and Rakshit, H., Ind, Jour, Phys,, 12, 47 (1938). 

6. Jones, J. E., Trans, Comb, PhU, 8oo,, 22, 636 (1922-23). 

6. Jeans, J. H., The Dynamiedl Theory of Oases, Cambridge University Press, Second 

Edition, p. 367. 

ба. Ibid,, p. 262. 

бб. Chaokett, K. F., Paneth, F. A., Wilson, E. J., Jour, Atmos, and Terr, Phys,, 

1, 49 (1960). 

7. Lindemann, F. A., Quar, Jour, Boy. Met. Soe„ 66, 330 (1939). 

7a. Spitzer, L., The Atmospheres of the Earth and Planets, ediM by G. P. Kuiper 
Chicago University Press, pp. 243-249 (1948). 

8. Helge-Petersen, Pub, Daneke Meteorologiske InstUui (Copenhagen), No. 0 (1928). 

9. Mitra, S. K. and Banerjee, A. K., Ind, Jour, Phys,, 13, 107 (1939). 

10. Jones, Sir H. S., Endeavour, 4, 36 (1946). 

11. Chapman, S. and Milne, E. A., Qtiar. Jour, Roy, Met. Soc,, 46, 392 (1920); 

Eddington, A. S., The Internal ConstiMion of the Stars, Cambridge University 
Press (1926), p. 281. 

12. StOrmer, C., University Observatory, Oslo, Publication No. 10, 1934. 

13. StOrmer, C., Quatribtne Communioatiion, Vid, Selsk, Skrifter, Math.^Naturv. Klasse, 

No. 12 (1916). 


CHAPTER II 

Atmosfhbbio Oscillations — ^Tidbs in thb Hiaa Atmosphbbb 

1. Laplace, P. S., Micanique Cileste, Chap. 6. An account of the literature up to 

1924 is given by Chapman, S., Quar, Jour, Roy, Met. Soc., 60, 166 (1924). 

2. Bennett, W. J., Monthly Weather Review, 34, 628 (1906). 

3. Simpson, G. C., Quar. Jour, Roy, Met, Soc,, 44, 1 (1928). 

4. Wilkes, M. V., Oscillations of the Earths Atmosphere, Cambridge University 

Press (1949), p. 14. 

4a. Chapman, S., Address to International Association of Meteorology, Internationa) 
Union of Geodesy and Geophysics, Oslo, 1948. 

6. Adolf Schmidt, Handbueh der Experimentdlphysik, Qeophysik, Bd. 25, Teil 1, 
p. 176. 

6a. Chapman, S., Quar. Jour. Boy. Met. Soc., 60, 166 (1924). 

6. Kelvin, Lord (Thomson, Sir William), Proc. Roy. Soc. Eden., 7, 396 (1882). 

7. Lamb, H., Proc. Roy. Soc. A., 84, 661 (1911). 

8. Taylor, G. I., Proc. Roy. Soc. A, 126, 169 (1929). 

9. Strachey, Lieut. Gen., The Eruption of the Krakatau — ^Report of the Krakatau 

Committee of the Royal Society (1888). 

10. Whipple, F. J. W., Quar. Jour. Roy. Met. Soc,, 66, 287 (1930). 

11. Taylor, G. I;, Proc. Roy. Soc. A, 156, 318 (1936). 

12. Pekeris, C. L., Proc. Roy. Soc, A, 168, 660 (1937). 



[I-I— llIB-12] 


BIBLIOGRAPHY 


645 


13. Weekea. K. and Wilkes, M. V., Proe. Ray. Soe. A, 192, 80 (1947). 

14. Wilkes, M. V., OacUkUiana of the Earth*8 Atmoaphere, Cainbridge Univeisity 

Press (1040), p. 60-61. 

15. Sabine, E., Phil. Trane. Boy. Soe. A., 137, 46 (1847). 

15. Chapman, S., Quar. Jour. Boy. Met. jSToo., 44, 271 (1018); PreeiderUM Addreee, 
Jour. Land. Math. Soe., 7, 68 (1031); Proc. Boy. Soe. A, 151, 106 (1035). 

17. Chapman, S., Presidential Address International Union of Qeodeay and Qeophysies 

(1030). 

18. Chapman, S. and Tsohu, K. K., Proe. Boy. Soe. A, 195, 310 (1948). 

10. Chapman^ S., Pramanik, S. K., and Topping, J., Qer. Beitr. z. Oeophys., 33, 246 
(1031). 

20. Chapman, S., Obaervatory, 60, 154 (1037). 


CHAPTER IIIA 

Anomalous Propagation op Sound 

1. Borne, G. von dem, Die Erdbebenwarte, 4, 1 (1904); 6, 110 (1006). 

2. Whipple.F. J.W.,Aro«ure, 111, 187 (1923). 

3. Gowan, E. H., Proe. Boy. Soe. A, 128, 531 (1030); Quar. Jour. Roy. Met. Soe., 

Suppt., 62, 34 (1036). 

4. SohrOdinger, E., Phys. ZeUa., 18, 445 (1917). 

5. Emden, R., Met. Zeit., 35, 13, 74 and 114 (1018). 

6. Meisser, O., Handbueh der Experimentalphyaik, IM. 25 UI, Kap. I, 232 (1030). 

7. Tucker, W. S. and Paris, E. T., PhU. Trans. Roy. Soe. A, 221, 389 (1021). 

8. Benioff, H. and Gutenbezg, B., Nature, 144, 478 (1930). 

9. Meisser, O., Zeita. Oeophys,, 3, 287 (1027). 

10. Whipple, F. J. W., Quar. Jour. Roy. Met. Soe., 61, 285 (1035). 

10a. Mathur, L. S., Ind. Jour. Met. and Oeoph., 1, 24 (1960). 

11. Gutenberg, B., Zeita. Oeophys., 3, 260 (1026); Qer. Beitr. z. Oeophys., 27, 217 

(1030). 

12. Gutenberg, B., BuU. Am. Met. Soe., 20, 102 (1930). 

13. Batesman, H., Phil. Mag., 19, 576 (1910); Herlotz, Phys. Zeita., 8, 145 (1007). 


CHAPTER IIIB 
Metborio Phenomena 

1. Porter, J. G., Rep. Prog. Phys., Physical Society, London, 11, 400 (1046-47). 

2. Whipple, F. L., Proe. Amor. PhU. Soe., 83, 711 (1040). 

3. Hofficneister, C., Die Meteore, Leipzig (1937) ; Meteorstrdme, Weimar (1948). 

4. Porter, J. G., Mem. Brit. Astr. Asse., 34, 37 (1043); Mon. Not. Boy. Astr. Soe., 

103, 134 (1043); ibid., 194, 257 (1943). 

5. Mclnto^, R. A., Trans. Roy. Soe. N.Z., 66, 60 (1030); ibid., 69, 302 (1940). 

6. Olivier, C. P., Meteors, Published by WUliams and Welkins, Baltimore (1038); 

Prentice, J. P. M., British Astr. Assoen. Handbook, p. 36 (1045) ; Rep. Prog. Phys., 
Physioal Society, London, 11, 380 (1946-47). 

7. Opik, E., Publ. Observ. Astron. Univ. Tartu, 30, No.* 6 (1041). 

8. Whipple, F. L., Proe. Amer. PhU. Soe., 79, 499 (1038); 82, 275 (1040); 83, 711 

(1040); Sky and Teleseope, 8, 1 (1949). 

9. Whipple, F. L., Reu. Mod. Phys., 15, 246 (1043). 

10. Whipple, F. L., Sky and TeUseape, 8, 1 (1949). 

11. (^ik, E., Mon. Not. Roy. Astr. Soe., 100, 315 (1040). 

12. McIntosh, R. A., Afon. Not. Roy. Astr. Soe., 100, 510 (1040). 



646 


UPPER ATMOSPHERE 


[niB-lS 


13. 

14. 
16. 

16. 

17. 


Sparrow, 0. Astrophy$, Jour,^ 63, 90 fl926). 

Epstain, P.', Proc, Nat. Acad. Sci., 17, 639 (1931). 

Lin^emaiu], F. A., and Dobson, G. M. B., Proe. Boy. Soe. A, 102, 411 (1923) ; 
F. A., Actfophys. Jour,^ 65, 117 (1929). 

Herlofson, N., Bcp. Prog. Phys., Physical Society, London, 11, 444 (1946-47). 
Opik, E., Acta Unin. Tartu, A, 26: Eiarvard BepritUa No. 100 (1933); Pvhl. 
Ohaerv. Aatron. Unw. Tartu, 24, No. 6 (1937); Mon. Not. Boy. Aatr. Soc., 100, 


316 (1940). 

18. Compton, K. T. and Langmuir, J., Bev. Mod. Phya., 2, 186 (1930). 
j9. Van Voorhis, C. C. and Compton, K. T., Phya. Bev., 37, 1696 (1931). 

20. Hoffleit, D., Proc. Nat. Acad. Sd., 19, 212 (1938). 

21. HofiSmeister, C. F., Die Meteore, Leipzig (1937). 

22. Opik, E., Harvard Beprinta No. 100 (1933). 

23. Opik, E., Publ. Ohaerv. Aatron. Vniv. Tartu, 24, No. 6 (1937). 

23a. Jacchia, G., Harvard College Obaervatory and Centre of Analyaia of M.I.T. 
Teehmcal Beport No. 3 (1949). 

24. Hoppe, J., Aatronom. Nach., 262, 160 (1937). 

24a. Jacohia, G., Harvard College OhaerveOory and Centre of Analyaia of M.I.T., Technical 
Beport No. 4 (1949). 

26. Skellett, A. M., Phya. Bev., 37, 1668 (1931). 

26. Schafer, J. P. and Goodall, W. M., Proc. I.B.E., 19, 1434 (1931); 20, 1131 (1932); 

20, 1941 (1932). 

27. Mitra, S. K., Syam, P. and Ghoae, B. N., Nature, 133, 633 (1934). 

28. Bhar, J. N., Ind. Jour. Phya., 12, 109 (1937). 

29. Minohara, T. and Ito, Y., Bep. Bad. Bea. {Japan), 3, 116 (1933). 

30. Pickard, G. W., Proc. I.B.E., 19, 1166 (1931). 

31. Lovell, A. C. B., Bep. Prog. Phya., Physical Society, London, 11, 416 (1948). 

32. Manning, L. A., Jour. Appl. Phya., 19, 689 (1948). 

33. McKinley, D. W. R. and MiUman, P. M., Proc. I.B.E., 37, 364 (1949). 

33a. Huruhata, A.^ Pub. Aatr. Soc., Japan, 1, 39 (1949). 

34. Pierce, J. A., JProc. I.B.E., 26, 892 (1938); Phya. Bev., 59, 626 (1941); ibid., 71, 

88 (1947). 

36. Blackett, P. M. S. emd Lovell, A. C. B., Proc. Boy. Soc. A, 177, 183 (1941). 

36. Lovell, A. C. B. and Clegg, J. A., Proc. Phya., Soc., London, 60, 491 (1948); 
Nature, 160, 670 (1947). 


37. Hey, J. S. and Stewart, G. S., Proc. Phya. Soc. A, London, 59, 868 (1947). 

38. Herlofron, N., Obaervatory, 68, 220 (1948). 

39. LoveU, A. C. B., Sd. Progreaa, 38, 22 (1950). 

39a. McKinley, D. W. R. and MiUman, P. M., Proc. I.B.E., 37, 364 (1949). 

396. H^, J. S., Parsons, S. J. and Stewart, G, S., Mon. Not. Boy. Aatr. Soo.i 107, 
176 (1947). 

40. Ratcliffe, J. A., Nature, 162, 9 (1948). 

41. Herlofson, N., Arkivf. Fydk, Band 3, nr 16, p. 247 (1961). 

42. Tonks, L. and Langmuir, I., Phya. Bev., 33, 196 and 990 (1929). 

42a. RomeU, D., Nature, 167, 243 (1961). 

43. Clegg, J. A. and Davidson, I. A., PhU. Mag., Ser. 7, 41, 77 (1960). 

44. Taylor, D. and Westcott, C. H., Jour. I.E.E., Pt. Ill A, 93, 688 (1946). 

46. Cleggs J. A., PhU. Mag., Ser. 7, 39, 677 (1948). 

46. Clegg, J. A., Hughes, V. A., LoveU, A. C. B., Mon. Not. Boy. Aatr. Soc., 107, 
369 (1947). 


47. Clegg, J. A., Jour. Brit. Aatr. Soc., 58, No. 7, 271 (1948). 

48. AspinaU, A., Clegg, J. A., LoveU, A. C. B., Mon. Not. Boy. Aatr. Soc., 109, 362 

(1949). 

49. Hey,^ J. S., Nature, 159, 119 (1947). 



— IV.28] 


BIBLIOGRAPHY 


647 


50. Hey, J. S., Parsoxwi, S. J., and Stewart, O. S., M(m. Not, Roy, AHr, Soe,^ lOT^ 
176 (1947). 

61. Millman, P. M. and McKinley, D. W. R., J, Roy, Aotronom, Soc,^ Canada^ 42 1 

121 (1947). 

62. Millman, P. M. and McKinley, D. W. R., Canadian Jour, Research, 27y 63 (1949). 

63. Davies, J. G. and Ellyett, C. D., PhU. Mag., Sor, 7, 40 (1949). 

64. Chamanlal and Venkataraman, K., Electro-techniques (Bangalore), 14, 23 (1941). 
66. Manning, L. A., Villard, O. G., and Peterson, A. M., Jour, Appl, Phys,, 20, 476 

(1949). 

66. Appleton, E. V. and Naismith, R., Proc. Phys. Soc. (London), 59, 461 (1947). 

67. McKinley, D. W. R., Private communication to Lovell, A. 0. B.^Sd, Prog., 38, 

36 (1960). 


CHAPTER IV 

OZONOSPHBRB 

1. Abbot, C. G., Smithsonian Solar Radiation Researches, Oer. Beitr., 16, 344 (1927); 

Ann. Obs. Smithson. Inst., 3, 200 (1913). 

2. Hartley, W. N., Jour. Chem. Soc., 39, 67 and 111 (1881). 

3. Huggins, M. L., Proc. Roy. Soc. A, 48, 216 (1890). 

4. Fowler, A. and Strutt, Hon. R. J., Proc. Roy. Soc. A, 93, 677 (1917). 

6. Strutt, Hon. R. J., Proc. Roy. Soc. A, 94, 260 (1918). 

6. Gdbz, F. W. P., Mcetham, A. R., and Dobson, G. M. B., Proc. Roy, Soc. A, 145, 

416 (1934). 

7. Rogoner, E. and Rogonor, V. H., Phys. Zeit., 35, 788 (1934). 

8. Rep. Prog. Phys., Physical Society, London, 9 (1912-43); Articles by Price, W, C. 

p. 10; Bamford, 0. H., p. 76; Chapman, S., p. 92. 

9a. Fabry, C. and Buisson, H., Jour, de Phys., 3, 196 (1913). 

96. L&uchli, A., ZeU. Phys., 53, 92 (1929). 

10. Ny Tsi-Z4 and Choong Shin-Piaw, C. R. Acad. Sci. (Paris), 195, 309 (1932); 

196, 916 (1933) ; Chinese Jour. Phys., 1, 1 (1933). 

11. Chalonge, D. and Lofdbre, L., C. R. Acad. Sci. (Paris), 197, 444 (1933). 

12. Colange, G., Jour, de Phys., 8, 264 (1927). 

13. Maris, H. B., Terr. Mag. and Atmos. Elec., 33, 233 (1928); 34, 46 (1929). 

14. Hettnor, G., Pohlmann, R,, and Schumacher, H. J., Zeit. Phys., 91, 372 (1934). 

15. Wulf, O. R. and Malvin, E. H., Phys. Rev., 38, 330 (1931). 

16. Vassy, E., Bad. Fran, de Phys., No. 402, p. 60 (1937). (See also Conference on 

Atmospheric Ozone (Oxford), Quar. Jour. Roy. Met. Soc. Suppt., 62, 32 (1936).) 

17. Regener, V. H., Nature, 167, 276 (1961): 

18. Fabry, C. and Buisson, H., Jour, de Phys., 2, 297 (1921). 

19. Dobson, G. M. B., Proc. Phys. Soc. (London), 43, 324 (1931). 

20. Regener, E., Beitr. Phys. frei. Atmos., 22, 249 (1935). Regener, E. and Regener, 

V. H., Nature, 134, 380 (1934). 

21. G6tz, F. W. P., StrahUnther, 40, 690 (1931). 

21a. Chiplonkar, M. W., Current Science (Bangalore), 8, 312 (1939). 

22. Dobson, G. M. B. and Harrison, D. N., Proc. Boy. Soc. A, 110, 660 (1926). 

23. Gdtz, F. W. P., Qer. Beitr., 31, 119 (1931). 

23a. Strong, J., Jour. Franklin Inst., 232. 1 M 04T ' 

24. Warburg, E., Z. Elektrochem., 27, 133 (1921). 

25. Ladenburg, R. and Van Voorhis, C. C., Phys. Rev., 43, 316 (1933). 

26. Flory, P. J., Jour. Chem. Phys., 4, 23 (1936). 

27. Kreusler, H., Ann. d. Phys., 6, 418 (1901). 

28. Saha, M. N., Proc. Roy. Soc. A, 160, 155 (1037); Proc. Nai. Inst. Sci. (India), 1, 

217 (1936). 



048 


UPPER ATMOSPHERE 


[zy.28a 


SSo. Warboxg^ E.» 8iM. hgj. pmuM. Ahad^ p. 644 (1918). 

286. Forbee, Q. 8. and Heidt, L. J., Jour. Amor. C6om. 8oo,^ 66, 1671 (1984). 

29. Qhapmap, S., jifom. Boy. Mot. Soc.^ 3, 108 (1980). 

80. Kiitiakowsky, Q. B., ZeU. Phya. CAom., 117, 887 (1926). 

81« HMke, R., Trana. Fofraday 8oo.^ 37, 876 (1981); ZoU. Phya. Cham., Bodenstein 
Featband, p. 892 (1931). 

82. Wolf, O. R. and Doming, L. S., Terr. Motg. and Atmoa. EUe., 42, 196 (1987); 41, 
299 (1936). 

88. Euolm, A. and Patat, F., ZaU. Phya. Cham. B, 33, 469 (1936). 

84. Oowan, E. H., Ptoe. Boy. 8oe. A, 120, 666 (1928); 128, 631 (1930); Conference 
on Atmoq>herio Ozone (Oxford) Quar. Jour. Boy. Mat. Soe. Suppt., 63, 34 (1986). 
34ci. Gowan, E. H., Proo. Boy. Soe. A, 190, 219 (1947). 

346. Gowan, E. H., Proe. Boy. Soe>4p 190, 227 (1947). 

34o. Strong, J., Phya. Bw., 65, 1114 (1939). 

Zid. Sninnierfield, Doo. TheaiB. Gal. Tech. (1941), 

340, Elaaaaer, W. M., Harv. Mat. Stud. No. 6 ., p. 96 (1942). 

36. Penndorf, R., Beitrdga ztm Ozonproblem {Laiptig, 1936), p. 267. 

36a. Panndorf, R., Ann. Oaophya., 6, 4 (1960). 

36. Fabry, C. and Buioaon, H., Jour, da Phya., 3, 196 (1913). 

37. Hettner, G., Ann. d. Phya., 66, 476 (1918). 

38. Gold, E., Proe. Boy. Soe. A, 83, 48 (1909). 

39. Jahiike, E. and Emde, F., Funktionantafdn, Leipzig (B. C. Teubner), 1909. 

40. Dobson, G. M. B., Proe. Boy. Soe. A, 129, 411 (1930). 

41. Barbier, D., Ghalonge, D., and Yaamy, E., Boo. Opt., 13, 199 (1934). 

42. Vasqr, E., C. B. Aead. Soi. {Paria), 202, 1426 (1936). 

43. Ganzit, J.,Ann.d.PAf^o.,4,460(1936). 

43a. Karandikar, R. V., Proe. Ind. Aead. Sei., 28, 63 (1948). 

486. Vasoy, E. Mons. and Vasi^, E. Mme., O. B. Aead. Sei., Paris, 228, 764 (1949). 

44. Ohiplonkar, M. W., Proe. Ind. Aead. Sei. {Bangalore), 10, 106 (1939). 

46. Lejay, Rev. P., Notea da MMarologie Phyaiqua, 1937 Fascicule VIl. 

46. Mitra, S. K., Seienoe and OvUure {Caleutta), 3, 496 (1937-88). 

47. Chapman, S., PhU. Mag., 10, 346 (1930). 

47a. Malurkar, S. Ij., Seianee and Culture {Calcutta), 16| 70 (1961). 

48. Dobson, G. M. B., Harrison, D. N., cmd Lawrence, J., Proe. Boy. Soe. A, 122, 

466 (1929)^; Also Dobson, G. M. B., Brewer, A. W., and Cwilong, B. M., Proe- 
Boy. Soe. A, 186, 144 (1946). 

49. Tonsberg, E. and ^alonge, D., Conference on Atmospheric Ozone (Oxford), 

Quar. Jour. Boy. Met. Soe. Suppt., 62, 66 (1936). 

60. MMtham, A. R., Conference on Atmospheric Ozone (Oxford), Quar. Jour. Boy. 

Met. Soe. Suppt., 62, 69 (1936). 

61. Cabannes, J. and Dufay, J., Jour, da Phya., 8, 363 (1927). 

62. Fowle, F. E., SmUhaon. Miae. CoU., 81, No. 11 (1929). 

63. Fowle, F. E., Trana. Am. Oeoph. Union, p. 160 (1934). 

64. G6tz, F. W. P., Conaail International dea Vnkma Seientijtquea, Bapport Comm. 

Relations 4ntre les Phdnomdnes Solaires et Terrestres, Orl4ans (1948). 

66. GOtz, F. W. P., P4riodioit4s dans les ph4iiOsn4nes de la haute atmos^didre. Con/. 
Intern., Lyon (1947). 

66. Mitra, S. K., 2Sbl. Geophyaik, Meteor. Geod., 4, 387 (1939)v 

67. GOtz, F. W. P., Erg. Koam. Phyaik, 3, 263 (1938). 

68. Penndorf, R., ZeU. f. Meteor., 1 , 346 (1947). 

69. Penndorf, R., Jour. Meteor., 6, 162 (1948). 

60. StOrmer, C., University Observatory, Oslo, Publication No. 6 (1933). 

61. Barbier, D., Ghalonge, D. and Vigroux, E., Ann. Aetrophya., 6, 1 (1942). 

62. Ghosh, S. P., MJSe. Theaia {unpuhliahed), Calcutta University (1938). 

63. Adel, A., AsfropA. Jour., 106, 406 (1947). 



— TI..15] 


BIBLIOGRAPHY 


64D 


CHAPTER V 

OxYom Axn> Nitboobx zh thb UpneB Atxospbxbb 

1. Herzberg, O., Aatrophyt. Jour., 89, 290 (1039). 

2. Hioolet, M., InMvi Bajfdl MiUorologiqfM dz Bdgi^t Afemotretf, Vol. XIX, 

Contribution k T 6tude do la gtnioture do rionosphdre (1046). 

8. Wolf, O. R., and Doming, L. 8., Terr. Mag. and Atmoe. EUo., 43, 283 (1938). 

4. Penn^rf, R., Jour. Oeoph. Rea., 54, 7 (1940). 

6. Mass^, H. 8. W., Negaiwe lone, Cambridge University Press, 1038, p. 74. 

6. 8aha, M. N., PhU. Mag., 40, 472 (1920). 

7. Woltjer, J., Phyeica, 5, 406 (1925). 

8. Pannekoek, A., Proo. Ameterd. Acad., 29, 1166 (1026). 

0. Majumdar, R. C., Ind. Jour. Phye., 12, 75 (1038). 

10. Rakshit, H., Ind. Jour. Phye., 21, 57 (1047). 

10a. Moses, H. E. and Ta-You Wu, Phye. Bee., 83, 100 (1051). 

11. Ladenburg, R. and Van Voorhis, C. C., Phye. Rev., 43, 315 (1033). 

12. Bfartyn, D. F. and Pulley, O. O., Proe. Roy. Soe. A, 164, 455 (1036). 

13. Mitra, 8. K. and Rakshit, H., Ind. Jour. Phye., 12, 47 (1038). 

14. Chapman, 8., Proe. Roy. Soe. A, 132, 353 (1031). 

15. 8oo, for example. The Atmoepheree e/ihe Eterth and Planete (edited by Q. P. Kuiper, 

University of Chicago Press, 1047) discussions in the articles by P. 8wings 
(p. 103) and by L. 8pitzer, Jr. (p. 219). 

16. Bates, D. R., Phye. Rev., 78, 402 (1050). 

17. Mitra, 8. K., Nature, 167, 807 (1051). 

18. Gaydon, A. G., Nature, 163, 407 (1044). 

10. Dufay, J., Ann. d* ap., 6, 81 (1943). 

20. Gauzit, J., Cahiere de Phye., No. 0, p. 47 (1942). 

21. Bernard, R., Phye. Rev., 66, 511 (1030); Ann. d* ap., 4, 13 (1041). 

28. Deb, 8., (In course of publication). 

CHAPTER VI 

lONOSPHEBX 

1. Macdonald, H. M., Proe. Roy. Soe. A, 71, 251 (1002.1003); 72, 50 (1003); 98, 

400 (1021). 

2. Rayleigh, Lord (J. W. 8trutt), Proe. Roy. Soe. A, 72, 40 (1003); Jahr. d. Drahil. 

Ta., 3, 445 (1910). 

3. Poincar4, H., Proe. Roy. Soe, A, 72, 42 (1003); Rendieomi di Palermo, 29, 160,. 

(1910); C. R. Acad. Sci. (Parte), 64, 705 (1012). 

4. Love, A. E. H., PhU. Trane. Roy. Soe. A, 216, 105 (1016). 

5. Watson, G. N., Proe. Roy. Soe. A, 96, 83 and 546 (1018-19). 

6. van der Pol, B., PhU. Mag., 38, 365 (1010). 

7. KenneUy, A. E., Elee. World and Eng., 16, 473 (1902). 

8. Heaviside, O., Eney. RrU. (NirUh Edition), 33, 215 (1002). 

9. Balfour 8tewart, Eney. Brit. (Ninth Edition), 16, 181 (1902). 

10. Eccles, W. H., Proe. Boy. Boc. A, 87, 70 (1012). 

11. Larmor, J., PhU. Mag., 48, 1025 (1024). 

12. Appleton, E. V. and Barnett, M. A. F., Nature, ^16, 333 (1025); Proe, Roy. 

Soe. A, 109, 621 (1026). 

13. 8mith-Rose, R. L. and Barfield, R. H., Proe. Boy. Soe. A, J10, 580 (1926); 

116, 682 (1027). 

14. Breit, d. and Tuve, M., Phye. Rev., 28, 554*(1026). 

15. Appleton, E. V., Proe. Phye. Soe. (London), 37, 16D (1025); Jour. I. E.E., 71 » 

642 (1932). 



650 


UPPER ATMOSPHERE 


[VI-16 


10. Appleton, E. V., U.RJ5J. Bepairta^ WaahingUm (1927). 

17. Goldstein, S., Proc, Boy. Soc. A, 121« 260 (1028). 

18. Hartree. D. R., Proe. Comb. PhU. 8oe., 25, 47 (1929). 

19. Darwin, C. G., Proo. Boy. Soo. A, 146 , 17 (1934) ; 182 , 152 (1943). 

20. RatclifPe, J. A., TTtr. Eng. and Exp. Wir., 10, 364 (1933). 

21. Bhar, J. N., Soianoe and OvUurt (Caleuita), 2, 322 (1936.37). 

22. Mitra, S. K., Sdenee and OuUure [OcUcutta), 2, 322 (1936-37). 

22a. Aden, A. L., Bettencourt, J. T. de and Waterman, A. T., Jour. Oeoph. Res., 
55, 63 (1960). 

23. Taylor, Mary, Proe. Phya. Soo. (London)^ 45, 246 (1933); 46, 408 (1934). 

24. Goubau, G., HochfrequenzUeh. u. Elaetrocikuat., 45, 179 (1936). 

24a. Westfold, K. 0., Jour. Aimoa. Terr. Phya., 1 , 82 (1960). 

25. Bailey, V. A., PhU. Mag., 18 , 616 (1934). 

26. Martyn, D. F., PhU. Mag., 19, 376 (1936). 

27. Ghosh, S. P., Ind. Jour. Phya., 12, 341 (1938). 

28. Booker, H. G., Proe. Boy. Soo. A, 150, 267 (1936). 

29. Farmer, F. T., and Ratoliffe, J. A., Proe. Boy. Soc. A, 151, 370 (1936). 

30. Baker, W. G., and Green, A. L., Proe. I.R.E., 21 , 1103 (1933). 

31. Booker, H. G., PhU. Trana. Boy. Soo. A, 231, 411 (1938). 

31a. Booker, H. G., Jour. Qaophya. Bea., 54, 243 (1949). 

32. Sohekulin, Hochjrequenztech. u. Electroakuat._, 36, 172 (1936). 

32a. Whale, H. A. and Stanley, J. P., Jour. Atmos. Terr. Phya., 1, 82 (1960). 

326. Poeverloin, H., ZeUa.fdr. Angewandle Phyaik, 2, 162 (1950). 

33. Gamow, Q., Atomic Nuclei and Nuclear Tranaformation (Oxford University 

Press), p. 94 (1937). 

34. Saha, M. N. and Rai, R. H., Proe. Nat. Inst. Soi. (India), 3, 359 (1937). 

35. Deb, A. 0., Ind. Jour. Phya., 14, 451 (1940). 

36. Kemble, E. 0., Phya. Bev., 48, 649 (1936). 

37. Rydbeck, O., Trana. Ohalm. Univ. GoU., Sweden, No. 74 (1948). 

37a. Stanley, J. P., Oanad. Jour. Bea. A, 28, 649 (1960). 

376. Stanley, J. P., Jour. Atmoa. Terr. Phya., 1, 66 (1960). 

38. Wilkes, M. V., Proe. Roy. Soe. A, 175, 143 (1940). 

39. Wilkes, M. V., Proo. Roy. Soo. A, 189, 130 (1947). 

40. Rawer, M., Ann. Phya. Leipzig, 35, 386 (1939). 

41. Bose, S. K., Ind. Jour. Phya., 21, 121 (1938). 

42. Saha, M. N. and Banerjea, B. K., Ind. Jour. Phya., 28, 169 (1946). 

43. Banerjea, B. K., Proo. Roy. Soo. A, 190, 67 (1947). 

44. Saha, M. N., Banerjea, B. K. and Guha, U. 0., Ind. Jour. Phya., 30, 181 (1947). 

45. Appleton, B. V., U.B.S.I., Vol. VIII, Mixei Gommiaaion on lonoaphere, p. 9 

(1949). 

46. Appleton, E. V. and Barnett,- M. A. F., Electrician, 95, 678 (1926). 

47. Rakshit, H., PhU. Mag., 12, 897 (1931). 

43. H^Uingworth, J., Proo. Roy. Soc. A, 119 , 444 (1928); Proc. I.E.E. (Wireleaa), 1 , 
57 (1926). 

49. Thomas, H. A. and Ohalmors, R. G., Jour. I.E.E., Pt. Ill, 95, 7 (1948). 

50. Higgs, A. J., Ooun. Sd. Ind. Bea. Org., Auatralia, Report No. PD 26/2. 

51. Sboffragen, W., Terr. Mag. and Atmoa. Elec., S3, 269 (1948). 

52. Lindquist, R., Trana. Chaim. Univ. No. 109 (1961). 

52a. Wadloy, T. L., Jour. I.E.E. Pt. Ill, 96, 483 (1949). 

626. Sulzor, P.’G., Jour. Appl. Phya., 20, 187 \194v.). 

63. Rydbeck, O. E. H., Jour. Appl. Phya., 21, 1205 (1950). 

53a. D)lobeau. F., Harnischmachor, E. and Obroil, F., Rev. Sci., Paris, 88, 17 
(I960)! 

636. Appleton, E. V. and Builder, G., Proo. Phya. Soo. (London), 45, 208 (1933). 

64. Appleton, E. V., Ncdure, 133 , 793 (1934). 



— vi-97] 


BIBLIOQRAFHY 


651 


55. Baral, S. S. aad SCitra, A. P., Jour. Aimos, Terr, Phye,, 1, 95 (1960). 

50. Soott, J. 0. W., Terr, Mag, and Atmce, Eko,, 109 (1948), 

56a. Wlude. H. A., Jour, Atmoe, Terr, Phye., 1, 233 (1951). 

57. Menzel, D. H. and Bailey, D. K., ReUAiona erdre lee PMnominee Solairee el Qto* 
phyeiqaee, Octtoguee Iniemationawtt (1947) ; published by Rev. d’Opt. 

58. Mimuo, H. R., NaMh^. 134, 63 (1934). 

59. iElatoliffe, JT. A. and White, E. L. C., Proe, Phya, See, {London)^ 45, 399 (1933); 

46, lOJ (1934). 

60. Kirby, S. S. and Judson, E. B., Proo, 23, 733 (1935). 

61. Appleton, E. V. and Ratoliffe, J. A., Proe, Roy, Soo, A, 128, 133 (1930). 

62. Appleton, E. V., Int, Union Soi. Rad, Tel,, 1, Part 1 (1928). 

63. Mitra, S. K. and Syam, P., Nature, 135, 953 (1936). 

64. Ellyett, 0. D., Terr. Mag, and Atmoa, Eleo,, 53, 1 (1947). 

63. Braoewdll, R. N., Budden, K. G., Ratoliffe, J. A., Straker, T. W. and Weekea 
K., Proe. I.E.E., Part II, 98, 221 (1951). 

66. Bates^ D. R. and Seaton, M. J., Proo, Roy, Soo,, B, 63, Part II, 129 (1950). 

67. Pflster, W., Jour, Oeoph, Rea,, 54, 316 (1949). 

68. Syam, P.. Ind, Jour, Phya,, 10, 13 (1936). 

69. Hartyn, D. F., Proo, Phya, Soo, (London), 47, 323 (1935). 

70. Hartree, D. R., Proo, Oamb, PhU. Soo,, 27. 143 (1930-31). 

71. Ginsburg, V., Jour, Phya, U,S,S.R,, 8, 383 (1944). 

72. Booker, H. G. and Berkner, L. V., NcAure, 141, 562 (1938); Terr, Mag, and 

Atmoa, Eleo., 43, 427 (1938). 

73. Martyn, D. F. and Munro, G. H., Terr. Mag, and Atmoa, Eleo,, 44, 1 (1939). 

74. Appleton, E. V., Farmer, F. T. and Ratoliffe, J. A., Nature, 141, 409 (1938). 

75. Farmer, F. T. and Ratoliffe, J, A., Nature, 135, 831 (1935). 

76. Ratoliffe, J. A., Proe, Phya, Soo, (London), 51^ 747 (1939). 

77. Smith, N., Bur, Stda, Jour, Rea,, 26, 105 (1941). 

78. Farmer, F. T., Childs, C. B. and Oowie, A., Proo. Phya, Soo, (London), 50, 767 

(1938). 

79. B3ynon, W. J. G., Dept, Soi, and Ind, Rea,, England, Paper No, E,R,B,IO, 82 

(1943). 

80. Kelso, J. M., Proceedinga of the Conference on lonoapherio Reaearch (Pennaylvania), 

July, 1949, pp. 16-21. 

81. Circular No. 462, U,S, Department of Commerce, Nal, Bur, Stda,, Waahington 

(1948). 

82. Farmer, F. T. and Ratoliffe, J. A., Proo, Phya, Soo, (London), 48, 839 (1936). 

83. Briggs, B. H., Proo, Phya, Soo, B, 64, 255 (1951). 

84. Beynon, W. J. G., Jour, I,E,E,, 95, 326 (1948). 

85. Martyn, D. F., Pmo. Phya, Soo, (London), 47, 323 (1935). 

86. Appleton, E. V., Beynon, W. J. G. and Piggott, R., Nature, 70, 695 (1946) ; 

Piggott, R., Electronica, December (1946). 

87. White, F. W. G. and Brown, L. W., Proe, Roy, Soc, A, 153, 639, (1936). 

88. White, F. W. G. and Straker, T. W., Proo, Phya, Soo, (London), 51, 865 (1939). 

89. Bast, J. E. and Ratoliffe, J. A., Proe, Phya, Soo. (London), 50, 233 (1938). 

90. Jaeger, J. C., Proe, Phya, Soo, (London), 59, 87 (194*2). 

91. Haoke, J. E. and Kelso, J. M., Proo. I.R,E„ 36, 1477 (1948); Guha, U. 0. 

Jour. Oeoph. Rea., 54, 355 (1949). 

02. Rydbeck, O., PhU. Mag., 34, 251 (1943). 

93. Booker, H. G. and Seaton, S. L., Intern, Aaan, of Terr. Mag, and Elec,, Waahington 

AaaerMy, Sept., 1939. 

94. Appleton, E. V. and Beynon, W. J. (3t., Proo. Phya, Soo. (London), 52, 518 (1940), 

95. Pierce, J. A., Phya. Rev., 71, 698 (1947). 

96. Fids, J.B.,P^r. Bsv., 49, 167(1936). 

97. Mitra, S. K., Ray, B. B. and Ghosh, S. P., Nature, 145, 1017 (1940). 



852 


UFFBR ATICOSPHERB 


[TI-98 


98. Ray, B. B., BoImmm and Cufttirs (OahuUa), 3, 670 (1087-88). 

09. L. H. Q. and Zaaaoa, A. A., JProo. Boy. 8 oo. A, IM* 402 (1040). 

OOd. Huxley, L. H. G., IVw. Boy. Boo. A, 196. 427 (1040). 

100. Tbwnmd, J. 8. and Tiiard. H. T., PIroo. Boy. 8 oo. A, 88, 847 (1018). 

101. Blia8,G.J.,Va8r.d.(lru8a.P6l.,27,66(l^^^ 

102. Bokenley, T. L., Ifufure, 135, 486 (1085). 

108. Toshniwal, G. R., Fftnt, B. D. and Bajpai, R. R., Proo. Nai. InB. 8 oi. {India)^Z^ 
887 (1087). 

104. Appleton, B.V.,JValufe, 135, 618 (1036). 

106. Itotyn, P. F., Piddington, J. H. and Munxo, G. K., Proo. Boy. Boo. A, 158, 
636 (1087). 

106. Appleton, B. V. and Ratoliffe, J. A., Proo. Boy. 800 . A, 117, 676 (1028). 

107. Ratoliffe, J. A. and White, E. L. O., PhU. Mag.. 16, 126 (1033). 

108. Bokmiey, T. Ii. and Farmer, F. T., Proo. Boy. Boo. A, 184, 106 (1046). 

100. Appleton, E. V. and Beynon, W. J. G., Proo. Phy. Boo., 59, 68 (1047). 

110. Smith, E., Bur. 8 id 9 . Jour. Bo#., 19, 80 (1037); Proo. /.B.B., 37, 332 (1030). 

111. Millington, G., Proo. Phys. Boo. (London); 50, 801 (1038). 

112. Eaiemith, R., Bopl. Bot. and Ind. Bo#., Inland, Paper No. B.B,B.IC. 75, (1042). 

113. DeUinger, J. H. and Smith, E., IVoo. 36, 268 (1048). 

113a. Bibl, K., Boo. Boi., Pari#, 88, 27 (1060). 

1 136. Benner, A. H., Proe. I.B.E.. 37, 44 (1040). 

114. Chapman, S., Proo. Phye. Boo. (London). 43, 26 and 433 (1031). 

116. Ftainekoek, A., IVoo. Amoford. Aoad., 29, 1166 (1026). 

116. Saha, H. E., PM. Mag.. 1, 1026 (1020). 

117. Woltjer, J., PhyBoa. 5, 406 (1026). 

118. Milne, E. A., PM. Mag.. 47, 200 (1024). 

110. Bhar, J. E., Ind. Jour. Phye.. 12, 363 (1038). 

120. Appleton, E. Y.f Proe. Boy. Boo. A, 162, 461 (1037); Quar. Jour. Boy. MB. 

Boo., 65, 824 (1080). 

121. Eieolet, M. and Bosey, L., Ann. do Oioph.. 5, 275 (1040). 

121a. Gledhill, J. A. and Szendrei, M. E., Proo. Phye. Boo. B, 63, 427 (1060). 

122. Saha, M. E. and Rai, R. E., Proo. Nai. InB. Boi. (India). 4, 310 (1038). 

123. Mitra, S. K., Naiure. 142, 014 (1038). 

124. Wulf, O. R. and Doming, L. S., Terr. Mag. and Atmos. Eleo., 43, 283 (1038). 

125. Eieolet, M., Afom. Boy. Jlfoi. Jn#f. Bol., 19, 1 (1046). 

126. Mohler, F. L., Bur. 8 tds. Jour. Bos.. 25, 607 (1040). 

126a. Bradbury, E. E., Terr. Mag. and Atmos. Else.. 43, 66 (1038). 

127. Bates, D. R. and Massey, H. S. W., Proo. Boy. Boo. A, 187, 261 (1046). 

128. Hoyle, F. and Bates, D. R., Tsrr. Mag. and Atmos. Else.. 53, 61 (1048). 

120. Bates, D. R., Proe. Boy. 800 . A, 196, 662 (1Q40). 

120a. Mitra, S. K., Bhar, J. E. and Ghosh, B. E., Ind. Jour. Phys.. 12, 466 (1038). 

130. Ffister, W., Ptoessdings of ike Conference on Ionospheric Beseareh. B:1-B15 

(1040). 

131. Vasey, A. and Vassy, E., Cahiers de Physique. 9, 28 (1042). 

132. Gausit, J., G.B. Aood. Boi. (Paris). 217, 170 (1043). 

133. Appleton, E. V. and Eaismith, R., Proo. Phys. 8 oe.. B. 60, 60 (1047). 

184. Martyn, D. F., Proe. Boy. Boo. A, 194, 446 (1048). 

136. Wooley, R. ▼.d.R., Proo. Boy. Boo. A, 187, 408 (1046). 

136. Massey, H. S. W., Paper presented at Lyons Conference. 1047. 

137. Waldmeier, M., Terr. Mag. and Atmos. Elec.. 52, 333 (1047). 

137a. Appleton, E. V. and Ohapman, S., Proo. I.B.E.. 23, 668 (1036). 

1376. Baral, S. 8. and Mitra, S. E., 8 eienee and CuBure (CdlcuUa). 10, 176 (1044-46). 
137o. Kirby, S. S., Berkner, L. V., Gilliland, T. R. and Eorton, K. A., Bur. 8 tds. 
Jour. Bes.. 11, 820 (1033). 

138. Osawa, K., Beport of lonosjpheric Beseareh in Japan. 4, Eo. 1, 63 (1060). 



— ifi.176] 


BIBUOaRAPHT 


6S8 


159. Qejer, S., Akerliz^ P.» Tarr. Mag. and Aimoa. Elae., 62, 479 (1947). 

140. Vyeds, H., Kudo, H., Shimiju, J. and Sato, R., Rapan of Ignoophorie BoHonk in 
Japan, 4, No. 2,70(1960). 

.141. Nagata, Y., JBflporf of lonoopheric Boomnh in Japan, 4, .No. 1, 21 and 64 (1960). 
141a. Smithxose, R. L., J. Brii. InH. Bad. Eng., 6, 82 (1946). 

1416. Sohafer, J. P. and Qoodall, W. M., Soioneo, 76, 444 (1982). 

141o.'DeniMe, J. F., Seligmann, P. and Oallot, R., OJt. Aead. 8ei., Pario, 226, 
1169 (1947). 

142. Kiepenheur, K. O., Monih. Not. Boy. AtOt. 8oe., 106, 616 (1946). 

148. Osawa, K., Boport of lonoopk&ric Butamh in Japan, 4, No. 2, 126 (1960). 

144. Wooley, R.v.d.R., n.R.S.I., Vol* VIU, Mixed Oommieeion on ionoephare, 
p. 86 (1949). 

146. Danisae, J. F., Seligmann, P. and Qallet, R., CM. Aead. 8oi., Pane, 226, 1169 
(1947). 

146. Budden, K. G., Ratoliffo, J. A. and Wilkes, M. V., Proo. Boy. 8oo. A, 171, 188 

(1989). 

147. Benner, A. H., Proe. I.R:E., 38, 686 (1960) ; ibid., 39, 186 (1961). 

148. Berkner, L. V. and Wells, H. W., Terr. Mag. and Atmoe. Elec., 43, 16 (1988); 

41, 178 (1936): 44, 813 (1939). 

149. Appleton, E. V. and Piggot, R., Naiure, 166, 130 (1960). 

160. Appleton, E. V. and Naismith, R., Proe. Boy. 8oe. A, 160, 686 (1936). 

161. Mathur, L. S., Proo. Nai. InH. 8oi. (India), 7, 222 (1937). 

152. Martyn, D. F. and Pulley, O. O., Proo. Boy. 8oe. A, 164, 466 (1986). 

163. Wells, H. W., Jour. Qeophye. Bee., 64, 277 (1949). 

163a. Appleton, E. V., Jour. Atmoe. Terr. Phya., 1, 106 (1950). 

164. Appleton, E. V., Nature, 167, 691 (1946). 

165. Liang, P. H., Nature, 160, 642 (1947). 

166. Bailey, D. K., Terr. Mag. and Atmoe. Elec., 63, 36 (1948). 

167. Lung, H. L., Jour. Qeophye. Bee., 64, 177 (1949). 

167a. Qallet, R. cuul Rawer, K., Ann. Qiophye., 6, 104, 212 (1960). 

168. Mitra, S. K., Nature, 168, 668 (1946). 

169. Appleton, E. V. and Naismith, R., PhB. Mag., 27, 147 (1939). 

160. Smith, N., Gilliland, T. R. and Kirl^, S. S., Bur. 8tie. Jour. Bee., 21, 886, 1169 

(1938). 

161. Waldemier, M., Hrboetia Phyeica Acta, 17, 168 (1944). 

162. Wells, H. W., Terr. Mag. and Atmoe. Elec., 62, 316 (1947). 

163. Allen, C. W., Terr. Mag. and Atmos. Eleo., 63, 433 (1948). 

164. Bartels, J., Jour. Atmos. Terr. Phys., 1, 2 (1960). 

166. Massey, H. S. W. and Bates, D. R., Bep. Prog. Phys., Physioal Society, London, 
9, 62 (1942-43). 

166a. Gaydon, A. G., Naiure, 163, 407 (1944). 

166. Bates, J>. R., Phys. Bqo., 78, 492 (1960). 

166a. Bates, D. R., Buckingham, R. A., Massey, H. S. W. and Unwin, J.' J., Proe. 

Boy. 8oe. A, 170, 822 ( J 
1666. Mitra, S. K., Naiure, 167, 897 (1961). 

167. Bates, D. R. and Massey, H. S. W., Phil. Trans. Boy. 8oe. A, 239, 269 (1943). 

168. Lozier, W. W., Phys. Boo., 46, 268 (IIKM). 

169. Vier,.D. T. and Mayer, F. E., Jour. Ohom. Phys., 12, 28 (1944). 

170. Manoey, H. S. W., Negaihe Ions, Oambridgo Uniuorsiiy I^ess, p. 74 (1938). 

171. TxdDBAn,T.,Bep.Bad.Bes.(Japan),7.l2l(l931). 

172. Massey, H. S. W. and Smith, R. A., Proe. Boy. 8oe. A, 166, 472 (1936). 

173. mtTn,8.K.,8eioneeandOuUure{Ocdoum),%4b(l943-4A). 

174. Bates, D. R. and Seaton, M. J., Pros. Phys. 8oe. B, 63, 129 (1960). 

176. Savitt, J., Jour. Qeoph. Bes., 66, 886 (1960). 

176. Halbert, B. H., Phys. Boo., 66, 870 (1989). 



6S4 


UPPER ATMOSPHERE 


[VI.177 


177. Berkner^X. V. and Seaton, S. L., Terr. Mag. and AtfiMe. Eke., 45, 393 (1940). 

178. Seaton, S. L., Jour. Met., 5, 6 (1948). 

179. Mitra, A. P., Jour. Atmos. Terr. Phys.^ 1, 286 (1951). 

180. Bates, D. R., Mon. Not. Boy. Astr. Soe., 109, 216 (1949). 

181. Seaton, S. L,. Fhys. Bev., 72, 712 (1947). 

182. Berkner, L. V., ^Terrestrial Magnetism and Electricity' (Edited by J. A. Fleming) 

MoQiaw Hill Book Co. (1939). 

183. Bates, D. R. and Massey, H. S. W., Proc. Boy. 8oc.^ 187, 261 ^1946). 

184. Sayers, J. A., Bop. Prog. Phys., 9, 52 (1942-43). 

185. Ohoah, S. N., Proe. Nat. Inst. Sei., India, 10, 333 (1944). 

186. Yonezawa, T., Beport of Ionospheric Besearch in Japan, 4, 79 (1950). 

187. Biondi, M. A. and Brown, S. O., Phys. Bev., 75, 1700 (1949); 76, 1697 

(1949). 

188. Holt, R. B., Richardson, J. M., Howland, B., and Me Glure, B. T., Phys. Bev., 77» 

23'9 (1950). 

189. Gontr^t No..AF 19(122)-89, Geophysical Besearch Directorate, A.M.C., XJ.8.A.P., 

Quarterly Progress Beport, Nos. 1, 2 and 3. 

190. Gho^, S. P., M.Sc. Thesis {Unpublished), Calcutta University, 1938. 

191. Penndorf, R., Jour. Met., 5, 162 (1948). 

192. Interim Progress Beport, Electronics Besearch Laboratory, Stanford University,. 

Galifomia, Bur. Stds. Contract No. Gst. -10751 (1951). 

193. Appleton, E. V„ and Naismith, R., Proe. Boy. Soc. A, 150, 685 (1936). 

194. Wells, H. W., Jour. Geoph. Bes., 54, 277 (1949). 

196. Tremmellen, K. W. and Cox, J. W., Jour. I.E.E., 94, Part IHA, 200 (1947). 

196. Appleton, E. V. and Naismith R., Proe. Phys. Soc., 52, 402 (1940). 

197. Skellett, A. M., Proe. I.B.E., 20, 1933 (1932). 

198. Schafer, J. P. and Goodall, W. M., Proe. I.B.E., 20, 1941 (1932). 

199. Mitra, S. K., Syam, P., and Ghosh, B. N., Nature, 133, 633 (1933). 

200. Bhar, J. N., Ind. Jour. Phys., 12, 109 (1937). 

201. Pierce, J. A., Phys, Bev., 71 , 88 (1947). 

202. Pineo, V. C., Science, 110, 280 (1949); IHd., 112, 60 (1950). 

203. Ranzi, I., Nature, 130, 368 (1932). 

204. Martyn, D. F. and Pulley, O. O., Proe. Boy. Soc. A, 154, 455 (1936). 

206; Best, J. E., Farmer, F. T. and Ratcliffe, J. A., Proc. Boy. Soc. A, 164, 96 
(1938), 

206. Berkner, L. V. and Wells, H. W., Terr. Mag. and Atmos. Eke., 42, 183 and 301 

(1937). 

207. Bhar, J. N. and Syam, P., Phil. Mag., 23, 613 (1937). 

208. Appleton, E. V. and Naismith, R., Proc. Phys. See. {London), 45, 389 (1933). 

209. Wilson, 0. T. R., Proe. Phys. Soe. (London), 37, 320 (1926). 

210. Schonland, B. F. J., Atmospherie Electricity (Methuen), (1932). 

211. Appleton, E. V., Watson Watt, R. A. and Herd,. J. F., Proe. Boy. Soe. A, 111» 

616 (1926). 

212. Healey, R. H., Tech. Bev., 3, 215 (1938). 

213. Mdgel, H., Wireless Engineer, 8, 604 (1931); E.N.T., 8, 321 (1931). 

214. Eckerseley, T. L., Jour. I.E.E., 86, 548 (1940). 

215. Silberstein, R., National Bureau of Standards (Besearch Paper No. Bp 2071), 

44, 199 (1960). 

216. Dieminger, W., 'Origin of ionospheric scattering,* Paper presented at the Confer^ 

enee on Ionospheric Besearch, State College, Penneylvania, n.S.A. (1950). 

217. Peterson, M., ^Interpretation of Long-scatter Echo Pattern,* Paper presented ai 

the Conference on Ionospheric Beseareh, State College, Peiuvsylvania, U.S.A., 
1949. 

218. Rivault, R., Proe. Phys. Soe. B, 63, 126 (1950). 



— -71-2626] BIBUOORAPHY 666 

219. Findlay. J. W., Proe. Phyt. 8oe. B, 63; 148 (I960)} Ferrell, O. P„ BuU. Amer. 

Mtt. Soe., 25, 371 (1944); C.Q. POmtary, p. 26 (1949). 

220. Lindquest, B., ‘lbnoq>herio Effects of Solar Flares,’ Report Jrom the Reeeoreh 

Laboratory of Bleetroniee, Ohahnere Univereity of Technology, Oothenborg, 
Sweden, 1960. 

221. Batcliile, J. A., Nature. 162, 9 (1948). 

222. Mitra, 8 . N., Jour. Ft. in, 96, 606 (1949). 

223. Khaetgir, 8. B. and Das, P. M., Ind. Jour. Phyt., 24, 277 (1960). 

224. Sen Gupta, M. M. and Dutt, S. K., Ind. Jour. Phye., 15, 447 (1941). 

224a. Banerji, B. B., Ind. Jour. Phyt., 24, 369 (1961). 

225. Briggs, B. H., Phillips, Q. J. and Shinn, D. H., Proe. Phyt. Soe. B, 63, 106 

(1960). 

226. Oerson, K. C., Nature, 166, 316 (1960). 

227. Blackett, P. M. S. and Lovell, A. C. B., Proe. Boy. Soe. A, 177, 183 (1941). 

228. Booker, H. G. and Gordon, W. E., Proe. I.RJI., 38, 401 (1060). 

229. Booker, H. G., ‘The Theory of the scattering of radio waves in the troposphere 

and ionosphere,’ Paper read before the Sympoemm on the Theory of Electron 
magnetic Wavet held at New York Vnivereity, 1060. 

230. Bawor, K., Mature, 163, 629 (1940). 

231. DeUinger, J. H., Seienee, 82, 361 (1935). 

232. McNish, A. G., Terr. Mag. and Atmoe. Elee., 42, 100 (1037). 

232a. Biacewell, B. N. and Straker, T. W., Mon. Not. Boy. Aetr. Soe.. 109, 28 (1049). 

233. Budden, K. G., Batctiffe, J. A. and Wilkes, M. V., Proe. Boy. Soe. A, 171, 188 

(1030). 

234. Bureau, B., O.B. Aead. Sei. (Paris), 203, 1267 (1936); Proe. Phyt. Soe. B, 63, 

122 (1060). 

236. Weekes,K., Mature, 165, 036 (1060). 

236. Williams, C., Proe. Phye. See.. B, 63, 143 (1060). 

237. Bracewell, B. N., Proe. Phye. Soe., B, 63, 143 (1060). 

238. Smith-Bose, B. L., Nature, 165, 37 (1060). 

239. Findlay, J. W., Nature, 159, 68 (1947). 

240. Uartyn, D. F., Munro, G. H., Higgs, A. H. and Williams, A. C., Nature, 140, 

603 (1937). 

241. Becker, W. and Dieminger, W., Zeit. f. Naturforeehung, Bo/nd 5, Haft 6, p. 308 

(1960). 

242. Waldmeier, M., Z. far. Astrophye., 20, 46 (1040). 

243. Ellison, M. A., ilfon. Not. Boy. Aetr. Soe., 103, 3 (1943). 

244. Jones, M. W., Trans. Amer. Qeophyt. Urnon, 31, 187 (1960). 

246. Wells, H. W., Terr. Mag. and Atmos. Ehe., B2, 316 (1947). 

246. Harang, L., Terr. Mag. and Atmoe. Elee., 42, 66 (1937) ; Ibid., 43, 41 (1938). 

247. Appleton, E. V., Haismitb, B. L. and Ingrain, L. J., Phil. Trane. Boy. Soe. A, 

236, 191 (1937). 

248. Martyn, D. F., Proe. Roy. Soe. A, 189, 241 (1947). 

249. Matsushita, S., Report of lorwepherie Reeeq/reh in Japan, 4, 47 (1950). 

260. StOimer, 0., Night Clouds Observed in Norway, Vid. Ahad. ArA. I.M.— N. Kl. 

No. 2 (1933). 

261. Jesse, O., Site, dor Kgi. Preute. Akad. dor Wieeontehaftor (1800, 1891). 

261a. Manning, L. A., Villard, O. G., Jr., Peterson, A. My Teeh. Rep., 72; Eleetronke 
Reeeoreh Laboratory, Stanford Univereity (1960);.Phw. I.R.E. (In press); 
Paton, J., Proe. Phye. See. B, 63, 1039 (1960). 

2616. Hey, J. S., Nature, 159, 119 (1947). 

262. Mimno, H. B., Bov. Med. Phyt., 9, 1 (1037). 

262a. Ibek, J. H., Jour. Oeophye. Bee., 54, 284 (1040). 

2626. Mitra, S. N., Jour. I.EJB., Pt. Ill, 96, 441 (1940). 



666 UPPER ATMOSPHERE [VI*262o 

258o. Aooo, T. and Minogivdii, T., Espoft (jf lonMphtirio St$tank i» Japan, 4, Ho. S, 
p. 103 (lOSO). 

333. PawBoy^ J. Pfoo, Oatnbm PAil. Sao*, 31a 136 (1036). 

263a. Mmuo, O. H., Natun, 142, 886 (1948). 

264. BaynoQ. W. J. Q., Nature, 163, 887 (1948). 

266. MoHiooI, R. W. E., Jour. XJIJI., Pt. Ill, 96, 617 (1949). 

266. Boricaid, Q., Terr. Itag. and Aitnoe. JBIed., 83, 61 (1948). 

267. Martyn, D. P., Proe. Boy. See. A, 190, 273 (1947). 

268. Martyn, D. P., Proe. Boy. 8oe. A, 194, 429 and 446 (1948). 

269. Martyn. D.P.,Halure, 163, 34 (1949). 

260. Martyn, D. P., Beport on the Tidal OecMaNone in the lonoej^tere (Ri oooraa of 

publioation). 

260a. Mitra, A. P., Ind. Jour. Phye., 24, 387 (1960). 

261. Appleton, E. V. and Weekea, K., Proe. Boy. 8oe. A, 171, 171 (1939). 

262. Appleton, E, V. and Beynon, W. 3. 0., Nature, 164, 308 (1949). 

263. Jonea, M. W. and Jonea, J. O., Jour. Met., 7, 14 (1960). 

264. Chowdbiizy, D. 0., Ind. Jour. Phye., 28, 1 (1961). 

266, Kirkpatrick, C. B.. Auet. Jour. Sei. Bee. A, 1 , 423 (1948); 

266. Mitra, A. P., Jour. Terr. Atmoe. Phye. 1, 286 (1961). 

267. Pierce, J. A. and Mimno, H., Phye. Bev.,B7, 96 (1940). 

268. Monro, a. H..Ha<ura, 163, 886 (1948): 163, 813 (1949). 

269. Martyn, D. P., Proe. Boy. Soe., 201, 216 (1960). 

270. Welle, H. W., Watto, J. M. and Oeorge, D. B., Phye. Beo., 69, 640 (1946). 

271. Roaa, W. and Bramley, E. H., Nature, 164, 366 (1949). 

272. Roaa, W. and Bramley, E. H., Nature, 189, 132 (1947). 

273. Roaa, W., Department of Scientific and Induatrial Reaearch, Badio Beeeareh 

apeoM Beport No. 19, England (1949). 

274. Bailey, V. A., and Martyn, D. P., Nature, 133, 218 (1934); PhU. Mag,, 18, 369 

(1934); W.E. and E.W., 13, 122 (1036). 

276. Tellegen, B. D. H.. Nature. 131 , 840 (1933). 

276. Van der Pol, B„ and Van der Mark, I., V.BJ3.I. Beport, September (1934). 

277. Bailey, V. A., Nature, 139, 68 (1937);. PWl. Mag., 26, 426 (1938); Nature, 143, 

613 (1038). 

278. Bailoy, V. A., WireUM Wotid, 40, 204 (1937). 

279. Townaend, J. S. and Tizotd, H. T., Proe. Boy. See. A, 88, 347 (1913). 

280. Huxley, L. G. H. and Ratdififo, J. A., Proe. I.E.E., Pt. Ill, 96, 443 (1949), 

aommaty of the work done till 1949. 

281. Bfdley, V. A., Phil. Mag., 23, 929 (1937). 

282. Huxley, L. G. H., Poater, H. G. and Newton, C. C., Nature, 189, 300 (1947). 

283. Ratclifib, J. A., and Sbaw, I. J., Proe. Boy. Soe. A, 193, 311 (1948). 

284. Huxley, L. G. H., Poater, H. G. and Newton, O. O., Proe. Boy. Soe. A, 61, 134 

(1948). 

286. Bailey. V. A., PhU. Mag., 23, 774 (1937). 

286. Bailey, V: A., Nature, 139, 838 (1937). 

287. Cutolo, M., Corlevaro, M. and Gherghi, M., Alta Freguenea, 18, 111 (1946). 

288. Cutolo, M.. Nature, 160, 834 (1947). 

289. Cutolo, M., Nature, 167, 316 (1961). 

290. Sbaw, I. J., Proe. Phye. Soe. B, 63, 1 (1961). 

291. Gherzi, E., Nature, 168, 38 (1960). 

292. Martyn, D. P. and Pulley, O. O.. Proe. Boy. Soe. A, 184, 466 (1936) ; Oeraon, 

N. C., Proe. I.B.E., 38, 1466 (1960). 

203. Martyn, D. P. and Pulley, O. O., Proe. Boy. Soo. A, 184, 466 (1936). 

294. Rannim , J., Htggi, A. J., Mbt^, D. P. and Ifonro, G. H., Proe. Boy. Soe. A, 
174, 298 (1940). 



-yii-32] 


BIBLIOGRAPHY 


667 


CHAPTER VII 

EiBOXBIOAL CxnUUBNTO XN TlUB Uftiib Atmospbebb: Tbbbbstbial Maobb^^o 

Vabxatxons 

1. Vestixie, E. H., Laporte, L., Lance, I. and Soot^, W. E., TAe QtofMignuic 

FiMf Its Deaoripiion and Analysis, Publication No. 580, p. 4, Carnegie 
Ihatitution, Wadiingtos, D.C. (1047). 

2. Blackett, P. M. S., Nature, 15% 658 (1047). 

2o. Schuster, A., Proo. Phys. 8oe„ London, 24. 121 (1012). 

8. Sutherland, T., Terr. Mag. and Atmos. Else., IS^ 155 (1008). 

4. Babcock, H. W., Astrophys. Jour., 106« 105 (1047). 

5. Thiessen, G., ZsU. Astrophys., 26, 16 (1040). 

6. Babcock, H. W., PuU. Astr. Soe. Paeif., 61, 226 (1040). 

7. Bullard, E. C., Proe. Boy. Soo. A, 197, 433 (1040). 

8. Elaasser, W. M., Phys. Bev., 69, 106 (1046); 70, 202 (1046); 72, 821 (1047). 

0. Bullard, E. C., Mon. Not. Boy. Astr. Soo., Oeophys. Supjd., 6, 248 (1048). 

Oa. Bartels, J., Int. Ass. Terr. Mag. Eke., Bull. Ho. 12e, Washington (1051). 

10. Bartels, J., Terr. Mag. and Atmos. Eke., 37, 1 (1032); 39, 1 (1034); 40, 265 (1045); 

41, 374 (1036); 43, 131 (1038). 

10a. Bartels, J., Heck, N. H. and Johnston, H. F., Terr. Mag. and Atmos. Eke., 44, 
441 ei038). 

11. Chapman, S. and Miller, J. C. P., Mon. Not. Boy. Astr. Soe., Oeophys. Stippl.$ 

4, 640 (1040). 

12. Chapman, S., Proc. Boy. Soc. A, 115, 242 (1027). 

13. Chapman, S., Proe. Boy. Soe, A, 95, 61 (1010). 

14. Chapman, S., Phil. Trans. Boy. Soe. A, 225, 40 (1025). 

15. Hasegawa, M., Proe. Imp. Acad. Tokyo, 12, 88, 185, 221, 225, 277 (1036). 

16. Gauss, C. F., *Allgemeine Theorie des Erdxnagnetismus,^ in BesvUate Magn. 

Verein 1838, reprinted in Werke, Band 5, p. 121. 

17. Schuster, A., PhU. Trans. Boy. Soe. A, 180, 467 (1880); 208, 163 (1008). 

18. Chapman, S., The Earth's Magnetism, Mathuen A Co. Ltd., London (1036). 

10. Chapman, S. and Whitehead, T. T., Trans. PhU. Soe. Comb., 22, 463 (1023). 

20. Bartels, J., Handbueh der Expt. Phys., 25, 640 (1028). 

21. Chapman, S., PhU. Trans. Boy. Soe. A, 218, 1 (1010). 

22. Terada, K., Terr. Mag. and Atmos. Elec., 52, 180 (1047). 

22a. Martyn, P. F., Nature, 163, 34 (1040). 

23. Bartels, J. and Johnston, H. F., Terr. Mag. and Atmos. Eke., 45, 260, 485 (1050). 

24. Balfour Stewart, Eney. Brit. (Ninth Edition), p. 36 (1882). 

25. Gunn, R., Phys. Bsv., 32, 153 (1028); Terr. Mag. and Atmos. Eke., 34, 7 (1020). 

26. Chapman, S., Proe. Boy. Soe. A, 122, 360 (1020). 

27. Pedersen, P. O., The Propagation gj Badio Waves, published by 'Ponmarks 

Naturvidenskabelige Samfund*, Copenhagen (1027). 

28. MoNiah, A. G., Terrestrial Magnetism and EleetricUy, Vol. Vni of series 'Physics 

of the Earth*, IfoGxaw-HiU, p. 345 (1030). 

20. Sigedal, J., Terr. Mag. and Atmos. Else., 52, 440 (1047). 

20a. Vestine, E. H., Laporte, L., Lance, I. and Scott, W. The Oeomagnetic Field, 
Its Description and Analysis, Publication No. 580, p. 350, Carnegie Institution, 
Washington, P.C. (1047). 

30. Slauoitajs, L. and MoNish, A. G., Trans. Edinbutii Meeting (1036); Intemat. 

Union Qeod. and Oeophys., Assoc. Terr. Mag. Eke. BuU., No. 10, p. 280 (1037). 
30a. Chap man, 8 ., Proe. Boy. Soe. A, 115, 242 (1027). 

31. Chapman, 8., I.C.S.U., Mined Oommission on Ionosphere, Prooeedings of the First 

Meeting, 1048; p. 58, BruBellea (1049). 

32. Chapman, 8 ., Mon. Not. Boy. Astr. Soo., 79, 70 (1018). 

4 * 



668 UPPER ATMOSPHERE [Tn*83 

88. Ctopmnn» S.^ Uaomoynifim* Vol. II» p. 887, Oxford Univarsity Pren (JI940). 

84. KikohOcy, A. P„ Terr. Mag. and Atmo$. Elao., 52, 147 (1947). 

86. Birkelan^ K., The Nanpegian Aurora Polaris JSaifpediiion, 1902*8, Vol. 1, 
Ohriitiama, H. Aaohohong A Oo. (1908). 

86. Ohapmaa, S., Terr. Mag. and Aimes. EZeo., 40, 349 (1936). 

87. Suolndofff, E., Terr. Mag. and Aimes. Elea., 52, 201 (1947). 

88. Weimer, F., BuU. UJ3. Bur. Bids., 12, 469 (1916). 

89. QUh, O. H. and Rooney, W. J., Terr. Mag. and Aimos. Elso.^ 30, 161 (1926). 

40. Whitehead, S. and Radley, W. Q., Proa. Phys. See, {London)^ 47, 689 (1986). 

41. Banerji, S. K., Memoirs oj the India MeUoroiogiedl Depi., 25, Part 1, 1 0533). 

42. Rooney, W. J., Terrestrial Magnetism and Sleetrioiiy, Vol. VUI of series *Physios 

of the Barth', MoGraw*HiU, p. 270 (1939). 

48. Oidi, O. H., Terr. Mag. and Atmos. Else., 28, 89 (1923). 

44. Qidi, O. H. and Rooney, W. J., Terr. Mag. and Atmos. Else., 33, 79 (1928). 

46. Gidi, O. H. and Rooney, W. J., Terr. Mag. and Aimos. Else., 35, 213 (1930); 

46. Rooney, W. J. and Gish, O. H., Terr. Mag. and Atmos. Elee.^ 32, 49 (1927). 

47. Rooney, W. J. and Gidi, O. H., Terr. Mag. and Atmos. Eke., 35, 61 (1930). 

48. Bartels, J., Terr. Mag. and Aimos. Eke., 37, 1 (1932); 39, 1 (1934); 40, 266 (1936); 

41, 374 (1936); 43, 131 (1938). 

49. Ghree, 0., PhU. Trans. Boy. Soe. A, 212, 76 (1912); 213,’ 246 (1913). . 

60. Ellis, W., Mon. Net. Boy. Asir. See., 60, 142 (1900); 61, 638 (1901). 

61. Maunder, B. W., Mon. Not. Boy. Astr. 8oe., 64, 206 (1904); 65, 2, 638, 666 (1905); 

76, 63 (1916). 

62. Oaoe, C., Proe. Boy. Soe. A, (1922). 

63. Bartels, J., Terr. Mag. and Aimos. Eke., 39, 201 (1934). 

64. Bartels, J., Ekktrischo Naehriehien^Teehnik, 10 (l^nderhaft), 1 (1933). 

66. Ohree, 0., Studies in Terrestrial Magnetism, London, Maomillan A Co. (1912); 
Eney. Brit. (Eleventh Edition), 17, 363 (1911). 

66. Silsbefe, H. C. and Vestine, E. H., Terr. Mag. and Atmos. Eke., 47, 196 (1942). 

67. Steiner, L., Terr. Mag. and Atmos. Eke., 2b, 1 (1921). 

68. Wieohert Erwin, Untersuehungen an BaystOrungen, Mitt. Gec^hys. Warte KOnigs- 

beig, Ho. 22, 26 (1934). 

69. Lubiger, F., Dissertation Unto. Qdttingen (1924). 

60« MbNidi, A, ^., Trans. Edinburg Meeting (1936) ; Internal. Union Qeod. and 
Qeophys., Ass. Terr. Mag. Eke. Butt., No. 10, p. 282 (1937) ; Trans. Am. Qeophys. 
Union, (^enteenth Annual Mating, 1, 166 (1936). 

61. Biriceland, K., Norwegian Aurora Pelaris Expedition, 1902-8, Christiania, 1, 

Part 1, 39 (1908); Part 2, 319 (1913). 

62. MbNish, A. G., Terr. Mag. and Atmos. Eke., 43, 67 (1938). 

63. Wells, H. W., Terr. Mag. and Atmos. Eke., 52, 316 (1947). 

64. La Oour, D., Terr. Mag. and Atmos. Eke., 47, 266 (1942). 

66. Barang, L., Terr. Mag. and Atmos. Eke., 37, 67 (1932). 

66. Rolf, B., Terr. Mag. and Atmos. Eke., 36, 7 (1931). 

67. Esohenhagen, M., Sits.-Ber. Akad. Wise. Berlin, 678 (1897); Terr. Mag. and Atmos. 

Else., 2, 106 (1897). 

68. Angeoheister, G., Qdttinger Naehr., Matk.^Phys%k. KL, 666 (1913); Terr. Mag. 

and Atmos. Eke., 25, 26 (1920). 

CHAPTER Ym 
AvmomL- PoLSMiB 

1. LoveU, A. 0. B., Clegg, J. A. and EUyett, C. D., Nature, 160, 872 (1947), 

2. Fonyth, P. A., Petrie, W., Vawter, F. and Cunie, B. W., Nature, 165, 661 (1960); 

Bavidson, P., Nature, Wit 277 (1961). 

4a» ' 



^rm-SO] 


BIBLIOaRAPHY 


669 


8. FritB» H., Dns PoMiiehi (Leipeig, Brookhans, 1881)^ 

4. V6Btine» E. Yarr. Mag. and Aimoa. BUe.^ 40, 77 (1044) | iee alaos Tha Qao» 
magnetic Field, Ita Deeoription and Anatyeie (p. 311, Fig. 140) by Veatise, E. 
Laporte, L., Laaoe, I. aiul Soott, W. E., Poblioation No. 580, Oamegie Inatitation^ 
Washington, D.C. (1047). 

5; White, F. W. Q. and Qeddea, M., rarr. Mag. and Atmoe. Bteo., 44, 867 (1080). 

6. Thorniion, J. L., Terr. Mag. and Atmoe. Elee., 52, 460 (1047). 

7. StOmier, 0., Oeofye. Pub., 4, 104 (1024). 

8. Vagard, L. and Krogneaa, O., Oeofye. Pub., 1, No. 1 (1020). 

0. Harang, L. and Bauer, W., Qer. Beiir. a. Qeophye., Zl^ 100 (1082). 

10. Simpson, Q. C., Quatr. Jour. Boy. Met. Soe., B9f 185 (1088). 

11. StOimer, 0., Oer. Beiir. a. Qeophye., 17, 254 (1027). 

12. Vegaid, L., Oeofye. Pii6., 1, No. 1, 172 (1020). 

18. StOnner, 0., Vid. Sdeh. 8 kr., No. 17 (1011). 

14. Harang, L. and TOnaberg, E., Oeofye. Pub., 9, No. 5 (1032). 

15. See StOnner, C., Oeofye.’ JM., 12, No. 7, 3 (1086). 

16. Chapman, S., Terr. Mag. and Atmoe. Eleo., 39, 200 (1084). 

17. Vegard, L. a^ Krogneaa, O., Oeofye. Pub., 1, No. 1 (1020). 

18. Harang, L. and TOnsberg, E., Oeofye. Pub., 9, No. 5 (1082). 

10. McLennan, J. G., Wynne-Edwarda, H. S., and Ireton, H. J. 0., Oan. Jour. Bee., 
6, 285 (1031); Currie, B. W., Terr. Mag. and Atmoe. Eleo., 39, 208 (1084). 

20. StOrmer, C., Oeofye. Pub., 11, No. 12, 8 (1036). 

21. Vegard, L., PM. Mag., 42, 47 (1021). 

22. Harang, L., Terr. Mag. and Atmoe. Eleo., 37, 167 (1032). 

23. Currie, B. W. and Edwarda, H. W., Terr. Mag. and Atmoe. Eleo., 39, 208 (1084). 

24. Vegard. L., Phil. Mag., 23, 211 (1012). 

25. Garlheim-QyUenakiOld, Expt. Ini. pbUerie, 1888-88; Eapi. Suedoia: II Aurorae 

boreal, Stockholm, 1886. 

26. Boiler, W., Qer. Beitr. a. Qeophye., 3, 56 and 550 (1808). 

27. Rowland, J. P., Nature, 145, 625 (1040). 

28. Stetaon, H. T., Popular Aetronomy, 50, No. 4 (1042). 

20. Dauvillier, M. A., Jour, do Phye., 5, 308 (1034); Eleotrioian, lU, 787 (1084). 

30. Currie, B. W. and Edwards, H. W., Terr. Mag. and Atmoe. Eleo., 41, 265 
(1036). 

81. Rooney, W. J., Terr. Mag. and Atmoe. Eleo., 39, 103 (1084). 

82. StOrmer, C., Nature, 123, 868 (1020). 

33. Rayleigh, Lord, Proo. Boy. 8 oo. A, 129, 458 (1030). 

84. Dauvillier, M. A., Jour, de Phye., 5, 308 (1084). 

35. StOrmer, C., Nature, 140, 1005 (1087). 

36. Vegard, L. and Kvifte, O., Oeofye. P^., 16, No. 7 (1045). 

36a. Vogaid, L., Nature, 165, 1018 (1050). 

866. Nicolet, M. and Dogniaux, R., Jour. Qeophye. Bee., 55, 21 (1050). 

86e. M^el, A. B., Aetrophye. Jour., 112, 562 (1050). 

87. Bernard, R., ‘Emiaaion Spectra of the Night Sky and Aurorae*, Oaeeiot OommiUee 

Bepori (1047), p. 08, publiahed by the Physical Society. London (1048). 

88. mcolet, M., *Emiaaion Spectra of the Night Sky and Aurorae *, Oaeeiot Commiittee 

Beport (1047), p. 105, publiahed by the Physical l^ety, London (1048). 

88a. Toheng Mao-Lin and Dufoy, J., Cahiere do Phyeigue, No. 8, p. 51 (1042); Bernard, 
R., *Bmtmon Spectra of the Nigfkt Sky and Aurorhe’, Oaeeiot Committee Beport. 
(1047), p. 01, publiahed by the Phyrioal Society, London (1048). 

886. Meinel, A. B., Pub. Aotr. 800 . Paoif., 60, 878 (1048). 

880. Meinel, A. B., Trane. Amer. Qeophye. Union, 31, 21 (1050). 

88d. Forajrth, P. A., Petrie, W. and Carrie, B. W., Nature, 164, 458 (1040). 

80. Vegaid, L., Erg. dor Eaaki. Naturudee., 17, 220 (1088). 



680 UPPER atmosphb:^ [vin-40 

40. Vegard, L.» Qeojya. Pub,, 9» No. 11 (1932); Oeqfy§, Pub,, 10» No. 4 (1938); Vogard, 

L. and Haiang, L., Oeofys, Pub,, 10, No. 0 (1933); Vegaid, L. and TOnsberg, 
B., €hofys. Pub,, 11, No. 16 (1937). 

41. StOrmor. 0.^ Naiun, 139, 684 (1937). 

42. StOimer, 0., ZeU. Geophys,, 6, 177 (1929); Naluf«, 124, 263 (1929). 

43. Vegaid, L., Geofys. Pub,, 12, No. 14 (1944); 16, No. 1 (1946); see also GasHoi 

Oommittee Report (1947), p. 82, publiahed by the Physical Society, London 
(1948). 

44. Vegard, L., Geofye, Pub,, 12, No. 14 (1944). 

46. Barbier, D., OontHbutiona de V Inetitut cT Aetrophyeique, Series B, No. 81 (1949). 

46. Toheng.Mao-Lin and Dufay, J., Cahdere de Physique, No. 8, p. 61 (1942). 

47. Vegaxd, L., ZeU, Geophys,, 6, 42 (1930); 7, 196 (1981) ; Vegard, L. and TOnsberg, 

E., NfOure, 137, 778 (1936). 

48. Darrow,k.K.,E{6ClfieaIP/isnomena«nG^aMS, BaiUidre, Tindall and Cox (London), 

p. 48 (1932). 

49. Amot, F. L., Collision Processes in Gases (Methuen), p. 89 (1918). 

60. Rttchardt, £., Ann, Phys,, Lpz,, 12, 601 (1932). 

61. Richardson, R. S., Trans, Amer, Geophys, Union, p. 668 (1944) ; Brttck, H. A. 

and Ruttlant, F., Mon, Not, Boy, Astr, 8oe,, 106, 130 (1946). 

61a. Meinel, A. B., Astrophys, Jour,, 113, 60 (1961) ; Qartlein, G. W., Nature, 167, 277 
(1961). 

62. Rutherford, E., BadioaelioUy and Badioaetwe Substances, Cambridge University 

Press, p. 87 (1913). 

62a. Ibid., p. 143. 

63. Vegard, L,, Terrestrial Magnetism and Electricity, Vol. Vm of series 'Physics 

of the Earth’, McGraw-Hill, p. 609 (1939). 

64. Vegard, L., Ann. d. Phys,, 60, 863 (1916). 

66. Vegard, L., PhU, Mag,, 42, 47 (1921). 

бба. Vegaid, L., Terrestr^ Magnetism and Eletitridry, Vol. VIII of series 'Physics 

of the Earth,’ McGraw-Hill, p. 607 (1939). 

ббб. Vegard, L., Geofys, Pub,, 10, No. 4 (1933). 

66. Mitra, S. K., Active Nitrogen — A New Theory (1946), Indian Association for the 

Cultivation of Science, Jadavpur, Calcutta. An account of the older theories 
is to be found in pp. 41-44. 

67. Bates, D. R., Massey, H. S. W. and Pearse, R. W. B., 'Emission Spectra of the 

Night Sky and Aurorae’, Gassiot Committee Report (1947) p. 97, published by 
the Physical Society, London (1^). 

68. Mitra, S. K., Sdenee and CuUure (Calcutta), 9, 46 (1943-44); Nature, 166, 786 

(1946). Ghosh, S. N., Phfe, Nat. Jnst. Soi. (India), 9, 301 (1943); 12, 406 (1946). 

69. Lozier, W. W., Phys, Rev., 46, 268 (1934). 

60. Vier, D. T. and Mayer, F. E., Jour, Chem, Phys,, 12, 28 (1944). 

61. Bates, D. R., Buckingham, R. A., Massey, H. W. W. and Unwixi, J. J., Pros, Roy, 

Soe, A, 170, 322 (1939). 

62. Bates, D. R. and Massey, H. S. W., PhU, Trans, Ray, Soe. A, 239, 269 (1943). 

63. Chapman, S., PhU. Mag., 23, 667 (1937). 

64. Mitra, S. K,, Nature, 167, 897 (1961). 

66. Qaydon, A. G., Nature, 163, 407 (1944). 

66a. Herzbeig, G. and Herzberg, L., Nature, 161, 283 (1948). 

66. Nioolet, M., 'Emission Spe^ra of the Night Sky and Aurorae*, Gassiot Committee 

Report (1947), p. 36, published by the Physical Society, London (1948). 

67. StOrmer, C., Nature, 142, 1034 (1938). 

68. Vegard, L., NoHire, 124, 947 (1929). 

69. Slipber, V. M., Mon. Not. Roy. Astr. Soo., 93, 667 (1983). 

70. Blvey, C. T., Rev, Mod, Phys., 14, 140 (1942). 



